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Large iron oxide occurrences have long been recognized in the Neoproterozoic Katangan 
and Damaran Supergroups of southern Africa, and in the Central African Copperbelt (CACB) 
these iron oxide occurrences are commonly associated with significant base metal deposits.  
However, no detailed comparative study of these iron occurrences has previously been 
conducted, and their relationship to base metal deposits was poorly understood.  This is a two-
part study, where the primary objective of the first study was to document the hitherto poorly 
known geology of the Xaudum iron ore prospect in northwest Botswana, one of the largest iron 
oxide deposits in the region.  The second study is a comparison of twelve iron occurrences in the 
CACB, one in the Kaokoland region of Namibia, and one at Xaudum that was conducted to 
provide insights into their genesis and to elucidate their relationship to base metal deposits.  A 
combination of geological data from drill core logging and field mapping were integrated with 
geophysical and drill core assay data to delineate key geologic characteristics at the individual 
prospects or deposits.  Mineralogical and textural observations from optical microscopy of over 
140 thin sections, scanning electron microscopy (SEM), and automated mineralogy were 
combined with geochemical bulk rock and isotopic (δS34, δC13, δO18) analyses to further 
constrain their genetic relations. 
The iron occurrence at the Xaudum iron ore prospect consists of two stratiform 
magnetite-rich horizons hosted within Sturtian Grand Conglomérat Formation diamictites, which 
have been deformed and metamorphosed to amphibolite facies.  The different magnetite-rich 
units within the potential ore horizons display distinct spatial trends in thickness and mineral 
abundance relative to the apparent synsedimentary fault-bound paleohighs.  These faults appear 
to also have acted as conduits for hydrothermal fluids responsible for a latter sodic alteration 
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event.  Textural relationships and bulk rock geochemical data suggest that the potential iron ore 
horizon consisted of a pre-metamorphic mineral assemblage of iron oxide-cryptocrystalline 
quartz-ankerite-dolomite with minimal argillaceous material and units that had a pelitic protolith 
with disseminated magnetite. 
Iron occurrences in the CACB at Chafaguma Hill, Kansanshi, Fishtie, and Kamoa in the 
are also associated with the Grand Conglomérat Formation diamictites while those in Kaokoland 
in Namibia are associated with the Chuos Formation diamictites.  These deposits form 
stratigraphic units that typically have strike lengths >10 km, occur on paleobasin margins, and 
except for Kamoa, are interpreted to have a pre-metamorphic protolith consisting of iron oxide 
minerals and quartz ±ferroan carbonates.  These deposits are typically conformably laminated or 
banded and may contain diamictites and schists with disseminated iron oxides.  Textural and 
contextual evidence suggests that these deposits formed as chemical sediments that are 
potentially linked to hydrothermal activity and to the unique seawater chemistry present during 
the Sturtian Glacial event.  They can be classified as Rapitan-type iron deposits. 
Iron occurrences in the CACB at Konkola, Kipushi East, Kabolela, Bangwe, Mukondo, 
and Mulenga occur below the Grand Conglomérat Formation diamictites in upper Roan Group 
rocks within or adjacent to halokenetic breccias.  They typically occur in the paleobasin centers, 
have strike lengths <4 km, and are stratabound, but may be highly irregular in shape.  Iron oxides 
in these deposits commonly display iron oxide-rich veins and replacive textures.  These iron 
occurrences may have analogies to modern day brine seeps in the Gulf of Mexico and the Red 
Sea or in the subsurface where brines were focused along the edges of halokenetic salt bodies. 
In the CACB, iron mineralization preceded copper mineralization.  Several iron 
occurrences, in different stratigraphic and structural settings, were found to have served as 
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precipitation sites for the later sulfide mineralization events.  Copper deposits occur 
stratigraphically below or are intercalated with iron-mineralized strata at every studied locality.  
Commonly, the iron occurrences and base metal deposits appear to be genetically related to the 
same structures.  Thus, the location of an iron occurrence can provide an additional tool for base 
metal exploration in the CACB.
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 Although large iron oxide occurrences have long been recognized in the Neoproterozoic 
Katangan and Damaran Supergroups of southern Africa, no detailed comparative study of them 
has previously been conducted.  The primary objective of this study is to document the geology 
of the Xaudum prospect in northwest Botswana, one of the largest iron oxide deposits in the 
region. Significant base metal deposits are commonly spatially associated with iron occurrences 
in the Central African Copperbelt (CACB).  This study also includes a description of the 
stratigraphic setting, geometry, and mineralogical paragenetic sequence of ten other iron oxide-
rich prospects or deposits in the Central African Copperbelt (CACB) (Kipushi East prospect, 
Mulenga prospect, Kabolela mine, Mukondo mine, and Bangwe prospect in the Democratic 
Republic of Congo (DRC) and at the Kansanshi deposit, Chafaguma Hill, Fishtie deposit, 
Konkola deposit, and Kasumbalesa iron deposit in Zambia) as well as the iron sulfide-rich 
Kamoa deposit in the DRC and iron oxides associated with glacial diamictites in the Kaokoland 
region of northern Namibia (Fig. 1-1). Description and classification of these iron occurrences 
can provide insights into their genesis to elucidate the previously empirical relationship between 
iron occurrences and base metal deposits.  
All the deposits and prospects in the CACB occur within rocks of the Neoproterozoic 
Katangan Supergroup (Batumike et al., 2007; Bull et al., 2011; Woodhead, 2013; Broughton, 
2014), which crop out across southeastern Angola, southern DRC, and northern and western 
Zambia.  The iron oxide occurrence in Kaokoland, Namibia, is hosted in rocks of the Damaran 
Supergroup that have long been recognized as correlative with the Katangan Supergroup 





at the Xaudum iron ore project in northern Botswana and sparse outcrops in the Aha Hills and 
Tsodilo Hills on the eastern Namibian border (Miller and Schalk, 1980: Wendorff, 2005) as well 
as regional geophysics (Rankin, 2015) and geochronologic data (Gerner, 2010; Witbooi, 2011; 
Gaisford, 2011) suggest that the Neoproterozoic meta-sedimentary rocks of northwest Botswana 
 
Figure 1-1: Generalized geologic map of the Katangan and Damaran areas of southern Africa 
showing the location of the investigated iron occurrence localities.  Map modified from Hitzman 
et al., (2012).  Iron occurrences: 1= Kaoko belt, 2= Xaudum, 3= Kamoa, 4=Kansanshi, 
5=Chafaguma Hill, 6= Kabolela, 7=Mukondo, 8= Bangwe, 9= Mulenga, 10= Kipushi East, 





are correlatives of the Katangan Supergroup succession and were deposited in an area that linked 
the Katangan and Damaran Supergroup basins.  Both the Katangan and Damaran supergroup 
successions underwent metamorphism ranging from low greenschist to amphibolite grade during 
the Pan-African (Damara-Lufilian-Zambezi) orogenic event. 
Iron formation is defined as “finely-laminated to thin bedded chert-bearing chemical 
sedimentary rock containing at least 15% iron of sedimentary origin” (Jackson, 1997).  This 
paper utilizes Klein’s (2005) extended definition of iron formation, which does not distinguish 
iron formation based on the presence or absence of chert bands or textures.  This study has also 
adopted Bekker et al. (2010)’s exclusion of sulfide facies and sedimentary exhalative deposits 
from iron formation.  Lithologies present in hydrothermal iron occurrences and sedimentary 
exhalative iron deposits are defined in this study as ironstones. 
This study is based on three months of field mapping, core logging, and sample collection 
in Zambia, Botswana, and Namibia between 2014 and 2015.  Samples from prospects and 
deposits in the DRC were collected and sent to Colorado School of Mines (CSM) by Dr. Murray 
Hitzman.  Transmitted and reflected light petrography on nearly 140 thin sections and Scanning 
Electron Microscope (SEM) and QEMSCAN® analysis was conducted at CSM.  One hundred 
and twenty carbonate and fifty-seven sulfide mineral samples were prepared for isotopic analysis 
at CSM and analyzed at the USGS facility in Lakewood, Colorado.  An array of geologic, 
geophysical, and assay data were provided by FQM Ltd., Vale, Eurasian Natural Resource 
Corporation (ENRC), and Tsodilo Resources Ltd. for this study.  This study relied heavily on the 
review of existing literature, particularly the theses of Schmandt (2012) and Hendrickson (2013). 
This thesis is divided into two parts that represent separate manuscripts being submitted 





second is a comparison of thirteen different iron-rich sequences in the Neoproterozoic of 





CHAPTER 2  
THE XAUDUM IRON ORE PROSPECT 
2.1 Introduction 
The Xaudum iron ore prospect is located near the town of Shakawe in northwestern 
Botswana, 10 km south of Caprivi, Namibia and just west of the Okavango River (Fig. 2-1).  
Although the presence of magnetite-rich rocks at Shakawe has been long known, the extent of 
the iron-rich sequence in the area was recognized only in the past decade by Tsodilo Resources 
 






Ltd. through aerial magnetic surveys.  Much of the prospect area is blanketed by roughly 20-30 
meters of Kalahari Group rocks and sediments.  Diamond drilling by Tsodilo Resources Ltd. 
indicates that the Xaudum iron-ore prospect contains an indicated resource of 441 Mt at 29.7% 
Fe with a concentrate grade after Davis Tube Recovery magnetic separation of 67.2% Fe and 
0.07% P (Baker, 2014).  The prospect occurs within a magnetite-rich sequence that ranges up to 
200 m in thickness. Ground magnetic surveys demonstrate that complexly deformed magnetite-
bearing rocks extend along a 37 km-long NNE trend to the south of the Xaudum prospect (Fig. 
2-2).  A ground magnetic inversion model was utilized to suggest that a further five to seven 
billion ton inferred resource with a grade assumed close to that at Xaudum is present along this 
trend (Baker, 2014).    
The iron rich rocks at Xaudum occur within a sequence that is lithologically similar to the 
Katangan Supergroup of the Central African Copperbelt (CACB) of the Democratic Republic of 
Congo (DRC) and Zambia, the world’s largest and highest-grade sedimentary copper province 
(Cox et al, 2007; Lydall and Auchterlonie, 2011; Hitzman et al., 2012).  This Neoproterozoic 
sedimentary succession (ca. 880-600 Ma), with an estimated thickness of 5-10 km, was deposited 
in a series of interconnected, intracontinental rift basins (Batumike et al., 2007; Bull et al., 2011; 
Woodhead, 2013; Broughton, 2014).  During the southern Pan-African (Damara-Lufilian-
Zambezi) orogenic event, that resulted in regionally heterogenous metamorphism in the CACB 
(chlorite to amphibolite facies; Ramsay and Ridgeway, 1977; Cosi et al., 1992; Broughton et al., 
2002; Hitzman et al., 2012), the rocks at Xaudum were metamorphosed to upper amphibolite 
facies.  Geologic mapping, petrography, geochemical, and isotopic analyses conducted for this 
study were integrated to document the stratigraphic context, structure, petrology, and geometry 






Figure 2-2: First Vertical derivative ground magnetic geophysical map highlighting the location 
of the Xaudum prospect immediately south of the town of Shakawe, in northern Botswana 
(Baker, 2014). The 27 km long series of NNE-trending highly magnetic anomalies (in pink) 






Over 13.5 km of drill core from 43 drill holes were logged in detail to create nine cross-
sections across the study area. Geological logs from 143 additional drill holes and assay data 
from 206 drill holes provided by Tsodilo Resources Ltd. and First Quantum Minerals (FQM) 
were also utilized to better understand the geology and geochemistry of the prospect. A Fischer 
Scientific Thermo Niton XL3t handheld XRF was used both in the field and in the laboratory to 
obtain semi-quantitative elemental data.  The drill hole data were used to construct a geologic 
model of the study area using Leapfrog Geo® three-dimensional modeling software (Appendix 
C). 
Geological samples collected during logging were utilized for petrographic and isotopic 
analysis.  Approximately fifty polished thin-sections were analyzed in reflected and transmitted 
light.  Scanning Electron Microscope (SEM) analysis was conducted at Colorado School of 
Mines using a TESCAN Field Emission (FE)-SEM with a single-crystal YAG backscatter 
electron detector (BSE) for imaging and a Bruker XFlash 6/30 silicon drift detector for semi-
quantitative chemical spot analysis using an energy dispersive X-ray detector (EDS). The 
working distance used was 10 mm at 20 kV acceleration voltage for BSE, and at 10 mm and 15 
kV for EDS analysis.  Quantitative mineralogical and textural analyses were conducted at the 
Advance Mineralogy Research Center at CSM using a fully automated QEMSCAN® system. 
The latter combines a Carl Zeiss EVO 50 SEM, four Bruker X275HR EDS detectors and the 
iDiscover proprietary software. Analyses were carried out using a working distance of 20 mm at 
25 kV acceleration voltage, for creating false colored mineral distribution maps. 
Tsodilo Resources Ltd. provided geochemical drill hole assay results from 9,221 two-





Laboratory in Johannesburg with X-ray florescence spectroscopy (XRF) or inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES).  Assays were performed on cut quarter core 
samples that were pulverized until 85% of the sample passed through a 75μm screen size. ALS 
included in each batch of 50 samples ca. 4 duplicates, 15 certified reference materials (CRM), 
and 1 blank.  Tsodilo Resources Ltd. independently inserted 1 blank, 1 duplicate, and 1 CRM 
into every batch of 20 samples for ca. 45% of the analyses conducted by ALS (Baker, 2014). 
In ALS’s method ME-XRF21u, samples were prepared utilizing a lithium borate fusion 
technique wherein 0.66 g of pulped sample was reacted with a 12:22 lithium betaborate to 
lithium tetraborate flux, which includes lithium nitrate.  The samples were then fused in a 
platinum crucible at 1,050° C in an automatic fusion apparatus for twenty minutes and then 
slowly air cooled in a platinum mold.  Beads were analyzed with Pan Analytical fast 
simultaneous fixed channel XRF equipment.  Thirty-two representative samples, selected to 
characterize the geochemistry of the iron-mineralized units, were also analyzed with this method. 
Four ICP-AES methods were used for assays by ALS.  In the ME-MS61 method, 0.25 g 
of sample was digested in perchloric, nitric, hydrofluoric, and hydrochloric acids before ICP-
AES analysis.  In the MEICP81 and ME-MS81 methods, 0.25 g of sample were prepared using a 
sodium peroxide fusion technique, digested with perchloric, nitric, hydrofluoric and hydrochloric 
acids, and analyzed using ICP-AES.  In the ME-OG62 method 0.25 g of sample was digested 
with nitric, perchloric, hydrofluoric, and hydrochloric acids and then dried to incipient dryness.  
Hydrochloric acid and de-ionized water were subsequently added for further digestion, before 
the sample was heated.  Samples were then cooled to room temperature, transferred to a 100 ml 
volumetric flask, and diluted to volume with de-ionized water.  Samples were homogenized 





A small subset of the samples (ca. 12%) were analyzed using ICP-AES and XRF 
methodologies at Set Point Laboratories in South Africa.  As data from Set Point were not used 
to characterize the geochemistry of iron-mineralized units, a detailed description of their 
methods is not included here.  A full descriptions of all assay methodologies used at the Xaudum 
iron-ore project are presented in Baker (2014). 
One hundred and fifty-eight carbonate and eight sulfide mineral samples were prepared 
for isotopic analysis at CSM and analyzed at the USGS facility in Lakewood, Colorado.  Whole 
rock carbonate samples were obtained using a tungsten carbide tipped drill bit in a stationary 
drill press.  Veins and breccias were avoided while sampling.  Isotopic analysis was conducted 
with a Micromass Multiprep device attached to a Micromass Optima mass spectrometer by Dr. 
Matthew Emmons of the USGS.  Samples were heated to 90° C in septum vials, evacuated, and 
acidified with 100% H3PO4 to produce CO2.  The carbon and oxygen isotopic compositions of 
this CO2 were then analyzed by dual viscous inlet.  The mass spectrometer system was calibrated 
by analyzing NIST reference materials NBS 18 and NBS 19.  δ13C and δ18O values are reported 
relative to the Vienna Pee Dee Belemnite (VPDB) and Vienna Standard Mean Ocean Water 
(VSMOW), respectively.  
One chalcopyrite and seven pyrite samples were obtained by microdrilling for sulfur 
isotopic analysis.  Each sample weighing approximately 0.22 mg was placed in an aluminum 
capsule with 1 mg of V205.  Samples were analyzed by Matt Emmons and Dr. Craig Johnson 
using a Flash 2000 elemental analyzer coupled with a Thermo Delta Plus XP mass spectrometer.  
Analysis of NIST reference materials NBS 127 and IAEA-S-1 with the sulfide samples were 
utilized for determining precision that is estimated at ±0.2‰ (Gulbransen, pers. commun., 2016). 





2.3 Neoproterozoic Katangan Supergroup Sequence  
The Katangan Supergroup in the CACB is subdivided from bottom to top into the Roan, 
Nguba, and Kundelungu groups (Franҫois, 1993; Cailteux, 1994).  The Roan Group consists of a 
basal rift-stage siliciclastic succession and post-rift evaporite and carbonate rocks.  The 
uppermost portion of the Roan Group, the Mwashya Subgroup, contains dolostones, dolomitic 
shales, and shales.  Around the basin margins (i.e. Kamoa; Cailteux et al., 2007; Schmandt et al., 
2013) the Mwashya Subgroup was deposited as terrigenous siliciclastic rocks lithologically 
similar to lithologies in the basal portion of the Roan Group.  Mafic volcanism during deposition 
of the Mwashya Subgroup and the lower Nguba Group (ca. 765-735 Ma: Key at al., 2001; 
Barron, 2003) produced intrusive gabbro bodies in the Roan Group in Zambia and locally 
extrusive basalt lava flows in the Mwashya Subgroup.  
The Grand Conglomérat Formation diamictites at the base of the Nguba Group sequence 
provide a regional stratigraphic marker.  The Grand Conglomérat Formation has been interpreted 
as a glacially derived unit of Sturtian age (ca. 765-735 Ma; Key et al., 2001) based on lateral 
continuity and the composition of the diamictite beds that contain a poorly sorted fine-grained 
matrix with some extrabasinal clasts that display striated and faceted textures and interbedded 
planar laminated shales with dropstones (Binda and Van Eden, 1972; Wendorff and Key, 2009; 
Master and Wendorff, 2011).  In a number of locations, it appears the Grand Conglomérat 
Formation diamictites were deposited as sediment gravity flows (Binda and Van Eden, 1972; 
Barron, 2003; Master et al., 2005; Wendorff and Key, 2009; Hendrickson, 2013; Schmandt, 
2012). 
The Kakontwe Limestone Formation (Cailteux et al., 2007) or stratigraphically 





CACB (Master and Wendorff; 2011).  In some areas, the base of the Kokontwe Limestone 
Formation has a laminated appearance and may contain roll-up structures and soft sediment 
deformation features (Francois 1973, Batumike et al., 2007; Kampunzu, 2009; Master and 
Wendorff, 2011) similar to those observed in carbonates that overly other Neoproterozoic glacial 
successions that are commonly referred to as ‘cap carbonates’ (Hoffman et al., 1998; Nogueira et 
al., 2003; Shields et al., 2007; Master and Wendorff, 2011).  Above the Kakontwe Limestone 
Formation, the Nguba Group rocks consist mainly of dolomitic sandstones and siltstones 
(Batumike et al., 2006, 2007). 
The Nguba Group in the CACB is overlain by a glaciogenic diamictite and cap carbonate 
(Wendorff, 2003) called the Petit Conglomérat and Lusele Formations (“Calcare Rose”), 
respectively, which mark the base of the Kundelungu Group (François, 1973b; Dumont and 
Cahen, 1977).  The Kundelungu Group succession is dominated by siliciclastic sedimentary 
rocks.  
In the Congolese portion of the CACB, diapirism of evaporites in the Roan Group 
appears to have been initiated at the time of Grand Conglomérat Formation deposition (Jackson 
et al., 2003).  Halokinesis resulted in extrusion of salt onto rocks of the Kundelungu Group.  
Apparently thinner evaporitic sequences in the Zambian portion of the CACB did not undergo 
significant halokinesis but did form extensive stratabound breccias in the Roan Group (Selley et 
al., 2005; Woodhead, 2013). 
The ca. 590-500 Ma Lufilian orogeny resulted in the inversion of the Katangan 
Supergroup sediments in the CACB (John et al., 2004; Rainaud et al., 2005; Selley et al., 2005).  





synsedimentary normal faults and locally resulted in metamorphism up to amphibolite grade 
(McGowan et al., 2003, 2006; Selley et al., 2005; Hitzman et al., 2012). 
The Damara Supergroup of Namibia has long been recognized as correlative with the 
Katangan Supergroup based on similar lithostratigraphic architectures, nearly identical basin 
evolutions, and geochronologic data (Haughton, 1963; Cahen and Snelling, 1966; Cahen et al., 
1984; Miller, 2013).  Damara Supergroup rocks occur in three belts: the Damara, Kaoko, and 
Gariep.  These belts, which evolved through intracontinental rifting, spreading, inversion, and 
continental collision, meet in a triple junction near Swakopmund, Namibia (Miller, 1983, 2008; 
Frimmel, 2009).   
Like the Grand Conglomérat and Petit Conglomérat formations (Master and Wendorff, 
2011) of the Katangan Supergroup, the stratigraphically equivalent (Miller, 2013) Chuos and 
Ghaub formations (Hoffmann and Prave, 1996; Hoffman et al., 1998) of the Damara Supergroup 
are important regional marker units.  The Chuos Formation, which has been a focal point for 
modern ‘Snowball Earth’ studies (Hoffman and Prave, 1996; Hoffman et al., 1998, 2007; Evans, 
2000; Condon et al., 2002, Hoffman, 2011; Domack and Hoffman, 2011), contains banded iron 
(Miller, 1983; Breitkopf, 1988) and banded manganese (Buhn et al, 1992) deposits. 
Lithologies present at the Xaudum iron ore project in northern Botswana and sparse 
outcrops in the Aha Hills and Tsodilo Hills on the eastern Namibian border (Miller and Schalk, 
1980; Wendorff, 2005) as well as geophysical (Rankin, 2015) and geochronologic (Gerner, 
2010; Witbooi, 2011; Gaisford, 2011) data suggest that the Neoproterozoic meta-sedimentary 
rocks of northwest Botswana are correlatives of the Katangan Supergroup succession and were 





2.4 Xaudum Prospect Stratigraphy 
Lithologies intersected in drill holes at Xaudum include Pre-Katangan Supergroup 
basement metagranite and metamorphosed sedimentary rocks that appear to correlate with Roan 
Group Mwashya Subgroup and Nguba Group rocks (Fig. 2-3).  Rocks belonging to the lower 
Roan Group were not intersected in Xaudum drilling, but are interpreted to be present elsewhere 
in the region (Hitzman, pers. commun., 2016).   
     
Figure 2-3: Stratigraphy of the Xaudum area based on drill hole data. Strata above the Nguba 
Group Grand Conglomérat Formation were grouped into undifferentiated Nguba Group.  It is 
possible that Roan Group metasedimentary rocks older than the Mwashya Subgroup are present 
at Xaudum below the level of current drilling. 
2.4.1 Metagranite Basement  
Three drill cores in the northern portion of the study area intercepted up to 27 m of pink, 














Figure 2-4 Images of drill core representative of the stratigraphic succession at the Xaudum iron 
prospect.  Down hole direction is from upper left to lower right in all the drill core photographs.  
(A) Schists and carbonate rocks of the undifferentiated lower Nguba Group. BWADD0006, 357-
360.6 m.  (B) Black and white laminated Kakontwe Limestone Formation in contact with the 
overlying Kalahari Group calcrete. L9600_13, 24-35.4 m.  (C) The contact between the Nguba 
Group Grand Conglomérat Formation and schists believed to represent the Mwashya Subgroup. 
The contact is marked by tightly folded, magnetite-Mn rich carbonate/spessartine-grunerite 
banded rock.  The feldspar-quartz stringers cutting rocks of both the Grand Conglomérat 
Formation and the Mwashya Subgroup are likely deformed quartz-feldspar veins. 
1821B115W67T, 292.8-28.0 m.  (D) Mwashya Subgroup biotite-quartz schist with fuchsite, 
white carbonate bands, and black pyritic-graphitic schist. 1821B115W67T, 323-326.5 m.  (E) 
Whiteish-pink metagranite near contact with overlying Grand Conglomérat Formation. The 
abundance of the cross cutting biotite-rich schist bands and iron oxides increases up core 
(towards upper left corner) towards the overlying Grand Conglomérat Formation.  This schistose 



















composed of feldspar (55%), quartz (35%), and mica (10%) with trace zircon and pyrite.  
Feldspar grains typically occur as subhedral to anhedral interlobate elongate grains (2-15 mm in 
diameter). They comprise orthoclase replaced by microcline and plagioclase replaced by albite.  
Quartz is present as seriate, polygonal to interlobate, subhedral to anhedral grains (0.1-1 mm), 
equant or elongate in the trace of foliation. They commonly display 120° triple junctions, 
indicating metamorphic recrystallization of neoblasts.  Biotite and lesser muscovite grains (50 
µm-1 mm in length) are elongate parallel to quartz and feldspar grains.  Zircon was observed as 
inclusions in biotite and muscovite and is interpreted as a relict igneous phase.  Pyrite occurs as 
subhedral, disseminated grains (ca. 0.4 mm in diameter) and within late cross cutting quartz-
pyrite veinlets.  Textural evidence suggests this rock initially formed as a K-feldspar-plagioclase-
quartz-biotite granitoid.   
Zircons within the metagranite yield ca. 2500-2800 Ma U-Pb ages (Gaisford, 2010; 
Witbooi, 2011). The absence of shearing textures along the contact between the metagranite and 
the Grand Conglomérat Formation suggests that the contact is not structural.  In drill holes 
1821B53E25BJ and L9590_7 metagranite immediately beneath the contact with the Grand 
Conglomérat Formation contains biotite-quartz schist and phyllite bands that increase in 
frequency and thickness towards the contact (Fig. 2-4E). These bands may represent weathered 
granitic regolith that was metamorphosed during the Lufilian event. 
Rocks lithologically similar to the metagranite in the northern portion of the prospect are 
also present in several drill cores in the eastern portion of the study area.  Zircons in these rocks 
are euhedral and unabraded (Moore, 2013); they have U-Pb ages between ca. 2600-2800 Ma (S. 
Jones, pers. commun., 2015) similar to the zircon ages in the metagranite to the north.  Both 





basement high present in the north extends into the eastern portion of the study area.  However, 
intense feldspathic alteration in the east makes differentiation between basement rocks and 
altered Mwashya Subgroup rocks difficult. 
 
Figure 2-5: 200 m High-resolution EM data acquired by FQM Ltd. in 2014 over the Xaudum 
area. The metagranitic basement is weakly resistive while the Grand Conglomérat Formation 
rocks display higher resistivity.  The highly resistive zone along the western edge of the study 
area is interpreted to result from quartz veins containing moderate amounts of pyrrhotite along a 
reverse fault separating weakly resistive Mwashya Subgroup rocks to the west from variably 
resistive Nguba Group rocks to the east.  The highly resistive zone in the eastern portion of the 
study area coincides with an an area of feldspathic alteration of Mwashya Subgroup rocks 
interpreted to occur along basement bounding faults.  Map is modified from Baker (2014). 
2.4.2 Mwashya Subgroup 
Rocks of the Mwashya Subgroup were intercepted in numerous drill cores across the 
study area (Fig. 2-4D).  This unit is highly heterogeneous but consists dominantly of quartz-
biotite-muscovite±garnet schist with minor to trace feldspar and trace graphite.  These schists are 
interpreted to represent metapelites originally composed of detrital quartz and lesser feldspar 





meters in thickness, are typical of the Mwashya Subgroup succession at Xaudum.  The carbonate 
layers may be either dolostone or limestone.  They are always recrystallized.  Sub-meter thick 
graphitic phyllites with variable amounts of pyrite or sometimes pyrrhotite occur within the 
Mwashya Subgroup sequence throughout the Xaudum area. Quartzites are rare in the Mwashya 
Subgroup sequence but where observed they form <40 cm thick bands. 
A bright green muscovite is commonly observed near the upper contact of the Mwashya 
Subgroup succession with the Grand Conglomérat Formation at Xaudum.  Analyses with the 
Niton pXRF instrument indicate the muscovite contains chrome suggesting it is fuchsite.  It is 
unclear if the presence of fuchsite represents a distinct sediment composition or is the result of 
post-depositional alteration. 
Bands of feldspar-quartz±biotite from a few millimeters to tens of centimeters in 
thickness are common within schists of the Mwashya Subgroup.  Such bands are rarely observed 
cutting phyllites or carbonates. Most bands are parallel to layering and metamorphic foliation but 
some bands cross cut such layering. These bands are interpreted as quartz-feldspar veins 
probably formed during the metamorphic event.  Some may represent beds of meta-arkose or 
meta-arkosic conglomerate.  The bands are more common in the eastern portion of the prospect 
area. Locally in the eastern portion of the prospect area significant thicknesses of rocks 
interpreted to be part of the Mwashya Subgroup have been converted into gneissic textured 
feldspar-quartz rock that have the appearance of containing multiple, closely spaced quartz-
feldspar veins.  Some gneissic feldspathic zones contain quartz-carbonate-kyanite-pyrite veins.  
Some quartz-feldspar bands in the Mwashya Subgroup rocks are boudinaged and strongly 
resemble gneissic clasts.  These rocks are commonly difficult to differentiate from deformed 





diamictites was based on the presence of heterogenous clast types with rocks containing 
demonstrably diverse clast types logged as diamictite. 
2.4.3 Grand Conglomérat Formation 
Within the study area, the upper contact of the Mwashya Subgroup with the Grand 
Conglomérat Formation can be gradational or sharp.  The Grand Conglomérat Formation 
consists of meta-diamictites and schists (Fig. 2-6) and locally two iron oxide-rich horizons.  A 
lower iron oxide rich horizon occurs at or near the basal contact of the Grand Conglomérat 
Formation with the Mwashya Subgroup (Fig. 2-4C), while the upper horizon is located 
approximately 200 to 450 meters above the base of the Grand Conglomérat Formation.  Due to 
complex deformation, the true thickness of the Grand Conglomérat Formation at Xaudum is 
unconstrained. Intercepts in individual drill holes indicate its thickness ranges between 10 to over 
500 m.  
Meta-diamictites are the most prominent lithology within the Grand Conglomérat 
Formation.  The diamictites can be clast rich (Fig. 2-6A) or clast poor (Fig. 2-6C).  Clasts may be 
rounded or angular clasts and are set in a quartz-biotite-garnet±muscovite schist matrix (Fig. 2-
6). The schist displays a foliation defined by generally subhedral biotite and muscovite.  Multiple 
foliations and crenulation cleavage occur locally (Fig. 2-7C).  Recrystallized, anhedral to 
subhedral quartz (<0.1-5 mm) in the matrix commonly displays 120° grain boundaries.  
Recrystallized, poikilitic, anhedral to subhedral plagioclase and orthoclase (<2 mm) are a minor 
component of the diamictite matrix; they may be elongate with foliation.  Trace, subhedral 
carbonate grains are locally present.  Garnets are locally abundant (Fig. 2-6D).  They form 
anhedral to subhedral poikilitic, commonly skeletal grains with inclusions of carbonate, quartz, 






Figure 2-6: Images of drill core intersecting the Grand Conglomérat Formation at Xaudum. 
Downhole direction is from upper left to lower right in all drill core photographs.  (A) Clast-rich 
diamictite with a quartz-biotite-muscovite-garnet matrix.  Clasts are sub-rounded with many 
more ductile clasts displaying elongation due to deformation.  The clasts range from pebbles to 
small cobbles of metagranite, biotite schist, quartz-garnet-biotite schist, quartzite, and black 
phyllite. 1821B122E99AW, 124.3 m.  (B) Clast-rich diamictite with a biotite-quartz-garnet 
schist matrix. Clasts are pebbles to boulders of course-grained metagranite. Clast-rich, 
diamictites containing primarily metagranite clasts are present just above the metagranite 
basement in the northern part of the study area. 1821B53E25BJ, 179.4-183.2 m.  (C) Clast-poor 
diamictite with a biotite-quartz schist matrix (above) grading into a biotite-quartz schist (below). 
Clasts are pebbles to cobbles of quartzite, metagranite, and biotite-garnet schist. Clasts are 
rounded to sub-angular. L9610_10V1, 191.1-195.7 m. (D) Biotite-quartz-garnet schist with 
feldspar-quartz± biotite zones that may represent clasts or metamorphic quartz-feldspar veins.  







Figure 2-7: Deformation of the Grand Conglomérat Formation in drill core.  (A) Complex 
deformation of the clast-poor diamictite. Metagranite clasts display less deformation than 
adjacent biotite schist clasts. Late quartz-albite vein crosscuts deformation. 1821B123E107AO, 
76-78 m.  (B) Quartzite clast in quartz biotite matrix with apparent feldspar rich strain shadow 
showing dextral shear sense within diamictite.  L960_10, 228.7 m.  (C) Crenulation cleavage 
developed within a weathered clast poor diamictite with a quartz-biotite-muscovite-magnetite 
matrix. Foliation is defined by orientation of biotite grains.   1821B122E99BB, 62.5 m. 







may overprint clasts in the diamictite. The matrix contains extremely minor graphite. 
Clasts within the diamictites range in size from pebbles to boulders (4 mm-0.8 m).  Clasts 
consist of metagranite (Fig. 2-6B), biotite-quartz schist, quartzite (Fig. 2-7B), vein quartz, 
carbonate, garnet-biotite-quartz schist, and rarely phyllite (Fig. 2-6A).  Clasts are commonly 
elongated and may occasionally be folded (Fig. 2-7A) or display strain shadows (Fig. 2-7B).  
Biotite preferentially rims some clasts.  Clasts of schist are common in the diamictites. It is not 
always clear if they represent schist clasts or clasts of sedimentary rocks that were 
metamorphosed along with the matrix during the Lufilian event.  It is likely that both types may 
exist.  Thin (<5 cm) bands of dolomite in the diamictite may represent elongated, deformed 
clasts or beds similar to those observed in the Chuos Formation in Namibia (Henry et al., 1986).  
Such dolomite bands are significantly more abundant in diamictites in the northern and eastern 
portions of the Xaudum prospect.  
Meter thick bands of schist of the same composition as the diamictite matrix but lacking 
clasts are interbedded with the diamictites (Fig. 2-6C).  Volumetrically, they form less than 10% 
of the Grand Conglomérat Formation at Xaudum.  They probably represent siltstone beds that 
were deposited between diamictite layers.   
Rocks of the Grand Conglomérat Formation at Xaudum are cut by bands and veins of 
feldspar-quartz that range in thickness from a few millimeters to over 20 cm.  These bands are 
similar to those within the rocks of the underlying Mwashya Subgroup. These bands and veins 
can commonly strongly resemble deformed clasts (Fig. 2-6D). Where relatively thick such bands 
could be interpreted as meta-arkosic sandstone beds within the diamictites.  Although arkosic 
beds have not been reported in diamictites in the CACB, arkosic beds have rarely been observed 





U-Pb ages of detrital zircons within the diamictites display four distinct age populations: 
2800-2500 Ma, 2100-1900 Ma, 1100-910 Ma, and ca. 750 Ma (Garner, 2011; Witbooi, 2011).  
The youngest zircon age of 743±62 Ma, is within error of the maximum age constraint of the 
Chuos Formation diamictite (746±2 Ma; Hoffman et al., 1996). 
The absence of sedimentary structures in the diamictites is due to metamorphic 
recrystallization of the rocks. The lack of sedimentary structures makes interpretation of the 
depositional environment of the Grand Conglomérat challenging.  No unambiguous evidence of 
glacial influence was observed during the logging of drill core for this study.  The interpretation 
of these diamictites as mass flow deposits with a glaciogenic source is based on the presence of 
interbedded siltstones and regional correlation of this unit with the Katangan (Master and 
Wendorff, 2011) and Damaran sequences (Henry et al., 1986; Miller, 2008). 
2.4.4 Kakontwe Limestone Formation 
 Black and white laminated, recrystallized limestone ranging in thickness from 85-100 m 
was intercepted in three drill cores above the metagranite basement high in the eastern portion of 
the study area. This unit is believed to represent the Kakontwe Limestone Formation (Fig. 2-4B). 
The limestone appears to directly overly rocks of both the Grand Conglomérat Formation and 
Mwashya Subgroup indicating either non-deposition or erosion of the Grand Conglomérat 
Formation in portion of this area.  These stratigraphic relationships suggest that the Grand 
Conglomérat Formation in this area was deposited on a steep paleoerosion surface, as is locally 
observed in Namibia (Hoffman, 2002) (Appendix D).  
2.4.5 Undifferentiated Nguba Group  
The undifferentiated Nguba Group includes lithologies present above the Grand 





Group unit consists dominantly of foliated schists containing recrystallized carbonate layers (Fig. 
2-4A).  The schists typically contain biotite, quartz, and muscovite and sometimes garnet.  Thin 
(<20 cm) deformed bands of feldspar-bearing schist are locally interbedded with the quartz-
biotite schist and may represent primary arkosic beds or deformed quartz-feldspar veins. 
Carbonate layers from several centimeters to tens of meters in thickness are commonly 
interleaved with the biotite-quartz schists.  These layers are mostly limestones, although minor 
dolostones are also present.   
2.4.6 Metadolerite Rocks 
Mafic rocks were intercepted in two drill holes in the eastern portion of the study area. 
These drill holes were not logged for this study, but have been described by Tsodilo and FQM 
geologists (Moore, 2013).  The rocks are interpreted to be part of the Mwashya Subgroup 
(Hitzman, pers. commun. 2016).  They are greenish grey to black and are composed of 
plagioclase-hornblende-biotite with trace pyrite-chalcopyrite-pyrrhotite and display a 
metamorphic fabric.  They were interpreted as metadolerite based on the faintly preserved 
prismatic shapes of the plagioclase, abundance of rutile and ilmenite, and apparent replacement 
of igneous pyroxene by hornblende (Moore, 2013). Regional exploration drilling outside the 
immediate Xaudum area indicates two geochemically and geochronologically distinct meta-
mafic units are present in the area.  One unit contains zircons with U-Pb ages of ca. 750 Ma 
while the other unit yielded U-Pb ages on zircons of ca. 540 Ma (Gerner, 2011; S. Jones, pers. 
commun., 2015).  The mafic rocks in the immediate study area have not been dated.  
2.4.7 Kalahari Group 
An erosional, angular unconformity separates weathered Katangan Supergroup sequence 





1990; Haddon and MacCarthy, 2005).  Kalahari Group sediments range in thickness from ca. 20 
to 65 m.  They are primarily composed of very mature quartz sands and sandstones.  Calcrete 
and dolocrete are present locally, primarily at the basal contact with the Katangan Supergroup 
rocks (Fig. 2-4B). 
2.5 Structure of Xaudum Area 
 The structure in the project area is complex and remains poorly understood despite the 
157 drill holes completed. The Katangan metasedimentary rocks are clearly folded as observed 
in drill core.  No deformed rocks that obviously represent faults were observed in any of the drill 
holes in the immediate prospect area but were observed on the western edge of the study area.  
Major folds and faults were interpreted primarily from lithological correlations between adjacent 
drill holes as well as from ground magnetic (Appendix A) and EM (Fig. 2-5) data. These folded 
rocks appear to occupy blocks confined by relatively steeply dipping normal and reverse faults.  
Changes in unit thicknesses across several of these inferred faults suggest that they may 
represent synsedimentary structures that were reactivated during the deformational event 
associated with folding and metamorphism of the rock package.  The interpreted faults display 
three dominant strike orientations: 005°, 020°, and 140°.  The four fault blocks containing 
magnetite mineralized rock were designated the northern, central, southern, and eastern domains 
(Fig. 2-8). In the northern domain, the Grand Conglomérat Formation and a magnetite-
mineralized horizon directly overlie a metagranite basement high.  This contact is interpreted as 
an unconformity. The metagranite basement appears to be bound to the southwest by two 
subparallel, southwest dipping normal faults.  The thickness of undifferentiated Nguba Group 
and Grand Conglomérat Formation rocks southwest of the faults suggests several hundreds of 






Figure 2-8: Simplified bedrock geologic map of the Xaudum area derived from drill, EM, and 
ground magnetic data.  Cross-section A-A’ illustrates the structure and stratigraphy of the 
prospect area. 
Katangan Supergroup rocks strike ca. 310° and dip approximately 30° to the southwest.  
The eastern domain consists of two fault blocks (Fig. 2-8), the western most of which 
contains the majority of the iron rich rocks intersected at the prospect to date.  This area is 





correlation of drill hole data, bracket a sub-vertical to overturned horizon of magnetite-rich rocks 
within the Grand Conglomérat Formation that displays dramatic thickness changes that may in 
part be related to bed thickening during folding.  East of the vertically dipping Grand 
Conglomérat Formation the section flattens and Kakontwe Limestone Formation, Grand 
Conglomérat Formation, and Mwashya Subgroup rocks overlie meta-granitic basement.  The 
thickness of the Grand Conglomérat Formation in this fault block appears to vary dramatically. 
This fault block also contains a metadolerite body.  A single drill core penetrated what is 
interpreted to be meta-granite east of the eastern domain.  
The rocks in the central and southern domains are folded a tight syncline that trends ca. 
185° and plunges ca. 17° S. The central domain appears to be separated from the southern 
domain by a 3 km long, south dipping reverse fault that strikes ca. 140° (Fig. 2-8). This southern 
domain contains a thin magnetite-bearing interval at the contact between the Mwashya Subgroup 
and the Grand Conglomérat Formation that has been intersected in a single drill hole and another 
horizon approximately 300 m above this contact.  
In the western portion of the area it appears that Mwashya Subgroup rocks structurally 
overlie undifferentiated Nguba Group rocks (Fig. 2-8).  The structural contact, interpreted as a 
moderate angle reverse fault dipping to the west, is indicated by a 14 km long ground magnetic 
(Appendix A) and EM (Fig. 2-5) anomaly.  This anomaly is likely due to up to a 30 m thick zone 
along the contact that contains pyrrhotite-quartz veins and disseminated pyrrhotite within 
carbonaceous biotite schist.  
The degree of deformation as well as the grain size of metamorphic minerals increases 
towards the east across the Xaudum prospect.  However, Katangan Supergroup rocks 





to similar sequences adjacent to the basement highs.  These relationships suggest that the 
paleohighs on the northern and eastern edges of the Xaudum area acted as buttresses during 
deformation (Fig. 2-9). 
 
Figure 2-9: Schematic cross sections illustrating a structural model for the Xaudum area.  During 
Time 1 synsedimentary normal faulting resulted in thickness changes within the Katangan 
Supergroup sequence and stratigraphic pinch outs over basement highs. During Time 2 regional 
compression resulted in reactivation of the faults to form reverse structures with local zones of 
intense folding adjacent to the original basement highs. 
2.6 Magnetite Mineralized Horizons  
Xaudum contains magnetite-rich horizons at the base of and within the Grand 





schist.  The magnetite-rich horizons were subdivided into magnetic diamictite, magnetic schist, 
garnet-grunerite schist, and banded magnetite units. Analyses of biotite composition were 
collected for the magnetite-bearing units but were not performed on biotite in non-magnetite-
bearing units nor for biotite as inclusions in other metamorphic minerals. 
The magnetic diamictite unit is distinguished from typical Grand Conglomérat Formation 
by the presence of magnetite in the quartz-biotite-muscovite schist matrix (Fig. 2-10A).  Clasts in 
the magnetic diamictite are petrographically indistinguishable from clasts within the non-
magnetic diamictite and no instances of clasts containing magnetite were observed.  Magnetite in 
both occurs as subhedral to euhedral, disseminated grains (<400 µm) that have polygonal grain 
boundaries with quartz (Fig. 2-10E).  Quartz occurs as seriate-polygonal subhedral to anhedral 
grains (50 μm to 1 mm) equant or elongate in the trace of foliation with 120° grain junctions.  
Biotite in all the magnetite-mineralized units has an annite composition and displays radiation 
damage halos.  Annite and muscovite occur as interleaved flecks (<1 mm) that define foliation 
(Fig. 2-10E).  Almandine is locally disseminated in the matrix as 50 µm to 1 cm diameter grains.  
It is commonly poikilitic with inclusions of magnetite, quartz, and ankerite and displays fishnet 
and rotational textures.  Feldspar grains (<2 mm) display zoning and may contain inclusions of 
biotite (Fig. 2-10E); they are elongated along foliation indicating growth during prograde 
metamorphism.  Deformed annite grains are observed around garnets.  Minor chlorite (50 µm to 
0.7 mm) replaces annite forming rims on garnet indicating retrograde metamorphism.  Trace 
dolomite (0.1-5 mm) occurs interstitially and is elongated along foliation (Fig. 2-10D).  The 
magnetic units also contain trace subhedral tourmaline grains (ca. 0.5 mm in length) that may 
















Figure 2-10: Images of the magnetic diamictite and magnetic schist unit. Downhole direction is 
from upper left to lower right in all the drill core photographs.  (A) Drill core containing clast-
rich magnetic diamictite with clasts of metagranite and biotite schist. Magnetite forms 0.015-0.4 
mm grains within the matrix. L9610_10, 93.6-94 m.  (B) Drill core of magnetic schist with bands 
and stringers of quartz-feldspar. Magnetite forms 0.015-0.4 mm grains within the matrix. 
1821B122E99BB, 234.6-241.0 m.  (C) Drill core containing magnetite-rich magnetic schist that 
grades into banded magnetite-quartz rock to the right. Magnetite forms 0.015-0.4 mm grains 
within the schist. 1821B122E99AZ, 248 m. (D) Cross polarized photomicrograph of foliated 
annite rimming a meta-granitic clast in the magnetic diamictite unit with disseminated magnetite 
in the matrix and dolomite grains elongated in the trace of foliation. Orthoclase and albite 
contain small inclusions of biotite. 1821B122E99AZ, 229 m. (E) Cross-polarized 
photomicrograph of magnetic schist showing disseminated subhedral magnetite grains in quartz-
biotite-muscovite schist with trace feldspar. 1821B122E99BB, 221 m. Abbreviations: an=annite, 





















The magnetic schist unit has similar fabrics to the magnetic diamictite unit and is 
distinguished by the absence of recognizable clasts (Fig. 2-10B).  The magnetic schist unit is 
commonly more garnet rich than magnetic diamictite. The garnet has an almandine composition.  
Faint banding is locally observed in the magnetic schists (Fig. 2-10C), particularly near contacts 
with the banded magnetite units.  Nearly 30 m of continuous magnetic schist was intersected in 
drill core 1821B93E87AV.  
The garnet-grunerite unit is composed of garnet, grunerite, quartz, magnetite, and annite 
(Fig. 2-11). While most examples of this unit contain annite and disseminated magnetite, 
intervals of garnet-grunerite schist lacking annite (Fig. 2-11A) or magnetite (Fig. 2-11B) were 
also observed. The unit displays a foliation defined by alignment of grunerite and annite (Fig. 2-
11C,E).  This unit commonly occurs between magnetic schist and diamictite and is also present 
within the banded magnetite unit.  Rarely, faintly preserved ‘clasts’ are observed on the margins 
the garnet-grunerite schist unit, suggesting some of it may have had a diamictite protolith or it 
contained lonestones.  The thickest section of this unit observed in drill core is 64 m 
(I1821B122E99AQ).  Magnetite in the garnet grunerite schist occurs as subhedral to anhedral 
grains (10 μm to 1 mm) or aggregate grains.  Quartz grains are equant, subhedral to anhedral 
with diameters ranging from 50-200 um and 120° grain boundaries (Fig. 2-11D).  Less 
commonly, interstitial quartz is observed between grunerite, garnet, magnetite, and biotite.  
Quartz rims large magnetite grains and may contain very fine-grained (<50 µm) grunerite lathes 
aligned with foliation.  Grunerite commonly contains inclusions of quartz, magnetite, ankerite, 
and biotite.  Grunerite grew along boundaries between quartz and ankerite grains and embays 
dolomite-ankerite grains.  Annite occurs as <1.5 mm flecks.  Garnet occurs as poikilitic, euhedral 






Figure 2-11: Images of the garnet-grunerite-magnetite unit. (A) Drill core of grunerite-
almandine-magnetite schist, which is commonly observed bracketing the banded magnetite unit.  
Note the abundant dark magnetite inclusions in garnet and the relative lack of annite in this 
sample.  1821B123E107AO, 136 m.  (B) Almandine-grunerite schist with trace annite. This 
sample lacks magnetite. 1821B125V115AP, 80.8 m.  (C) A quartz-grunerite-almandine-annite-
magnetite schist band typical of those commonly observed in the garnet-grunerite unit. 
1821B123E107AO, 201.3 m.  (D) Plane-polarized photomicrograph of almandine-grunerite-
quartz-annite-magnetite schist. Anhedral almandine with a skeletal texture occurs along quartz 
grain boundaries and contains quartz inclusions. Poikilitic grunerite overgrew quartz, annite, and 
magnetite.  Quartz displays straight grain boundaries with magnetite and 120° angles between 
quartz grains. 1821B122E99AQ, 221 m.  (E) Plane-polarized photomicrograph of almandine-
grunerite-quartz-annite schist. Coarse-grained subhedral poikilitic garnet and grunerite have 
inclusions of quartz and biotite. Grunerite grew along grain boundaries of fine- to medium-














Figure 2-12: Images of drill core containing the banded magnetite unit. Downhole direction is 
from upper left to lower right in all the drill core photographs.  (A) Drill core showing typical 
folded banded magnetite-quartz with grunerite. Quartz nodules in the rock appear to be largely 
boundinaged quartz bands. 1821B115E67U, 132.2-135.2 m.  (B) Banded magnetite-grunerite-
quartz with abundant almandine and grunerite at the contact with a layer of quartz-annite-
almandine schist. 1821B125V115AP, 104.7-110.4 m.  (C) Banded magnetite-grunerite-quartz 
with almandine. 1821B121E91AT, 166 m.  (D) Banded magnetite-grunerite-ankerite with 
almandine. Magnetite occurs as irregular bands. Garnet contains abundant magnetite inclusions. 
Grunerite rims ankerite bands.  1821B111V, 91 m.  (E) Banded magnetite-quartz with grunerite 
and a rare annite-almandine-grunerite band.  Note fold in bottom center of image.  
1821B122E99AZ, 167.75-170.8 m. (F) Banded magnetite/quartz-spessartine/Mn dolomite 
(orange). L9600_13, 230 m. Abbreviations: an=annite, gnt=garnet, grun=grunerite, 















(Fig. 2-11E), biotite, grunerite (Fig. 2-13B), and apatite; it commonly displays fishnet textures.  
Snowball and spiral almandines are also observed.  Ankerite occurs as subhedral to anhedral 
grains (<0.3 mm) and commonly contains magnetite inclusions.  Trace ferroan calcite was 
observed between grunerite grains.  Apatite (<5-20 µm) is typically disseminated and occurs as 
inclusions within magnetite, garnet, and grunerite (Fig. 2-13B).  Trace graphite (<5 μm) may be 
disseminated or occur preferentially along discrete foliation planes. 
The banded magnetite unit is composed of poly-mineralic modal bands of magnetite, 
quartz, grunerite, ankerite, ferroan/manganoan dolomite, and annite (Fig. 2-12).  Individual 
bands typically contain two to four of these minerals (Fig. 2-13A) although monomineralic bands 
of magnetite, quartz, ankerite, and manganoan dolomite (Fig. 2-12F) are also sometimes present.  
Grunerite commonly rims ankerite bands (Fig. 2-12D). Manganoan dolomite bands commonly 
contain fine-grained spessartine (10 µm to 0.3 mm) (Fig. 2-13C).  Apatite preferentially occurs 
within magnetite bands (Appendix H).  Trace feldspar (<0.1 mm) was observed in annite-rich 
bands. (Fig. 2-13C). Garnet, dominantly almandine, does not form discrete bands, but is locally 
abundant (Fig. 2-12C).  Banding may be micron to meter scale, but millimeter to centimeter 
scale banding is most common (Fig. 2-12).  Bands can be conformable (Fig. 2-12A) or irregular 
(Fig. 2-12D).  Tight (Fig. 2-12E), commonly ptygmatic, folds are pervasive within the banded 
magnetite unit and fold limbs are commonly attenuated (Fig. 2-12F). The banded unit displays a 
foliation defined by elongate grunerite and annite grains.  Locally, multiple foliations are present, 
foliation planes are folded, and foliation may be concordant or discordant with banding. Apart 
from areas where the unit is in a near vertical orientation, the maximum drill core intersection 


















Figure 2-13: QEMSCAN® images of banded magnetite unit rocks. (A) Rock containing bands of 
magnetite-grunerite-almandine, grunerite-magnetite, and ankerite-grunerite-magnetite-annite. 
Trace, chlorite, probably replacing annite, rims some garnets. 1821B115E67V2, 225 m.  (B) 
Close up of A showing disseminated apatite in grunerite-magnetite and magnetite-grunerite-
almandine bands. Inclusion-rich almandine grains contain magnetite, biotite, and ankerite. (C) 
Banded spessartine-quartz-manganoan dolomite rock with annite and magnetite.  The lower 
quartz spessartine band appears nodular but could be boudinaged. Apatite grains are 
disseminated within a single band. Plagioclase is present within the annite-rich band. 



















2.6.1 Bulk Rock Composition of Iron Mineralized Units 
Assay data from unweathered representative intervals of drill core were utilized to 
determine the chemical composition of the magnetite-mineralized units (Fig. 2-14; Appendix E). 
The banded magnetite unit has the highest average Fe (total) content (39.1 wt.%) of the iron-
mineralized units. The average Fe (total) content of the magnetic schist is 25.5 wt.% while the 
average Fe (total) content of the garnet-grunerite schist is 18.8 wt.% and that of the magnetic 
diamictite is 16.0 wt.%.  The average SiO2 content of the rocks has an inverse relationship with 
their total iron content. The highest SiO2 values occur in the magnetic diamictite unit (55.0 wt.%) 
followed by the garnet-grunerite schist (51.8 wt.%), magnetic schist (47.1 wt.%), and banded 
magnetite (36.4 wt.%) units.  The chemical analyses indicate that the banded magnetite unit has a 
 
Figure 2-14: Plot of average major chemical oxide components of the magnetite-mineralized 
units from 32 unweathered representative samples. Data is normalized to 100% after loss on 





significantly higher average Fe:SiO2 ratio (1.16) than any other unit.  Average CaO and MgO 
values are significantly higher in the garnet-grunerite schist unit (3.5 wt.% and 2.5 wt.%, 
respectively) than other units. MnO values show a dissimilar trend to MgO and CaO.  Average 
MnO is highest in the magnetic schist unit (0.6 wt.%), followed by the banded magnetite unit 
(0.5 wt.%).  Average Al2O3, Na2O, and K2O contents are lowest in the banded magnetite unit 
(2.1 wt.%, 0.3 wt.%, and 0.4 wt.% respectively).  Conversely, the magnetic diamictite unit has 
the highest average values (10.6 wt.% Al2O3, 2.2 wt.% Na2O, and 3.0 wt.% K2O).  Values from 
the garnet-grunerite schist and magnetic schist units have average Al2O3 values similar to the 
magnetic diamictite (9.9 wt.% and 7.4 wt.% respectively) but lower average Na2O and K2O (ca. 
1-2 wt.%). The magnetic schist unit has the highest average P2O5 content (0.77%) although the 
banded magnetite unit contains almost as much P2O5 on average (0.71 wt.%). Both the garnet-
grunerite schist and magnetic diamictite units display lower average P2O5 contents of 0.51 wt.%.  
While there is a positive correlation between P205 and Fe (total) content, there is significant 
scatter. 
2.6.2 Distribution of Iron Mineralized Units 
The spatial distribution of different magnetite-mineralized units was best defined in the 
lower magnetite mineralized horizon of the southern domain due to the abundance of drill holes 
and reduced structural complexity of this area (Fig. 2-15, Fig. 2-16).  Within the southern 
domain, non-magnetic diamictite and schist are more common in the east and grade westward 
into the magnetic diamictite unit. The magnetic schist unit grades into the magnetic diamictite 
unit and is commonly interlayered with the banded magnetite unit.  The garnet-grunerite schist 
unit is most abundant in the east and at the base of the Grand Conglomérat Formation. This unit 
appears to grade into magnetic diamictites to the west. The banded magnetite unit is thickest in 






Figure 2-15: Cross-sections B-B’ and C-C’ through southern domain showing the distribution of magnetite-rich units. Note the 
dramatic increase in the abundance of garnet-grunerite schist with interlayered banded magnetite to the east. Location map for sections 






Figure 2-16: Cross-sections B-B’ and C-C’ through southern domain showing the distribution of garnet, grunerite, and carbonate. Note 





predominantly magnetite-quartz assemblage to the west. The magnetic diamictite unit is absent 
from the northern and eastern domains (Appendix B).  Logging and Al2O3 data (Fig. 2-17) from 
assays indicate that annite-rich bands are more abundant in banded magnetite unit in the eastern 
and northern domains.  Such bands are especially abundant in the northern domain but are absent 
in the western portion of the southern domain.  Pink-orange manganoan carbonate-spessartine 
bands with high MnO contents (up to >8.5% over 2m) were only observed in the eastern domain 
(Fig. 2-17, Fig. 2-18).   
 
Figure 2-17: Plot of major chemical oxide components of eight samples selected from the 
unweathered banded magnetite unit in the northern, eastern, and southern domains.  Notice 
Al2O3 and MnO enrichments in eastern and northern domains respectively. Data is normalized to 






Figure 2-18: Leapfrog Geo ® image of MnO wt.% from assay data across the study area looking 
North. Reds indicate higher values and blue indicate lower values. Note elevated Mn content in 
eastern domain with some enrichment within central domain.  
2.6.2 Possible Protoliths of Iron Mineralized Units 
Chemical analyses suggest the magnetic diamictite unit protolith was dominantly a clay-
rich detrital sediment.  The chemical data indicate that clay minerals were also present in the 
protolith of the magnetic schist unit though the relatively low Na2O, and K2O values suggest 
little detrital feldspar was present. The magnetic diamictite and magnetic schist are 
petrographically and chemically similar to diamictites and schists within the Grand Conglomérat 
Formation except for the presence of variable amounts of magnetite indicated by higher iron 
values. Minor carbonate is also present in the both magnetitic and non-magnetitic diamictite and 
schist as disseminated grains that could represent detrital grains, cements formed during 





CACB (Schmandt, 2012).  Quartz in these units displays variable grain size suggesting a clastic 
origin. 
Diamictites in the CACB commonly contain trace to moderate amounts or magnetite, 
pyrrhotite, or pyrite, but the distribution of diamictites with these iron-bearing minerals has not 
been investigated (Hitzman, pers. commun., 2017).  Given that the diamictites are believed to 
have been deposited largely as mass flow deposits, it is difficult to imagine how detrital 
magnetite or magnetite derived from iron-rich seawater could produce the zoning pattern 
observed at Xaudum.  It seems more likely that the magnetite in these rock types formed by 
infiltration of iron-rich fluids.  The distribution of the magnetitic diamictite and schist units is 
linked to the distribution of the banded magnetite and garnet-grunerite schist suggesting that the 
basin location (or paleotopography) or synsedimentary faults were a controlling factor in their 
formation.  
The low Al2O3, Na2O, and K2O values in the banded magnetite unit indicate that its 
protolith contained diminutive clay minerals and detrital feldspar. The commonly well-
developed layering or banding in the banded magnetite unit suggests it formed as primary 
sediment.  Though less well developed, crude to distinct layering in the garnet-grunerite unit also 
suggests that it may have also have formed distinct sedimentary layers.  The uniform grain size 
(0.1-0.2 mm) and texture of most quartz in these units matches the grain size and uniform texture 
demonstrated by chert within iron formations metamorphosed to lower amphibolite facies 
(James, 1955; Klein, 1973, 1983).  This suggests that quartz in the banded magnetite unit could 
have originally been cryptocrystalline SiO2.  Magnetite bands and disseminated magnetite were 
probably derived from fine-grained iron oxide minerals during metamorphism, similar to what is 






Figure 2-19: Paragenetic sequence of mineral formation at Xaudum.  
The relatively high CaO and MgO contents of the banded magnetite and garnet-grunerite 
units suggest they contain carbonate minerals, which was confirmed by the presence of ankerite 
and ferroan dolomite observed petrographically.  The existing mineralogy of these units, both of 
which contain grunerite as well as almandine garnet, are compatible with an original sedimentary 
composition of chert, carbonate bands, and iron oxide bands with minor (banded magnetite unit) 
to moderate (garnet-grunerite unit) amounts of contained argillaceous material (clay).  Grunerite 
(Fe>>Mg)7Si8O22(OH)2 can form through reaction of iron carbonates with quartz (chert) during 
metamorphism (Klein, 1968, 2005). Almandine garnet (Fe3Al2Si3O12) would result from 





clay or possibly stilpnomelane.  Annite (KFe3AlSi3O10(OH)2) likely resulted from the 
metamorphism of argillaceous material in the presence of iron-rich minerals.  Thus, both texture 
and mineralogy suggest that these units consisted of chemical precipitants (chert, iron oxides, 
and iron carbonate minerals) that also contained variable amounts of argillaceous material 
probably due to some pelagic sedimentation between mass flow deposits.  
The mineral assemblage of the banded magnetite unit displays distinct lateral changes at 
Xaudum.  Annite- and Mn-rich banded magnetite rocks were deposited proximal to basement 
bounding faults above paleotopographic highs.  Quartz dominant banded magnetite unit rocks 
were deposited furthest from these faults and paleotopographic highs.  These relationships 
suggest that chemical sediments above paleohighs contained increased amounts of argillaceous 
material probably due to influx of sediment into the basin along the basin margin.  Towards the 
basin center chemical sediment was less diluted by the influx of argillaceous material.  Ankerite 
and ferroan dolomite-rich banded magnetite rocks were deposited between argillaceous banded 
magnetite rocks proximal to the faults and quartz-rich magnetite banded rocks distal to the faults.   
2.7 Chlorite Veining and Sodic Alteration  
Chlorite and quartz-carbonate-chlorite veins cross cut the metamorphic foliation (Fig. 2-
19, Fig. 2-20) in the Katangan Supergroup rocks at Xaudum indicating they were formed post 
peak metamorphism.  Chlorite veins are typically millimeters (Fig. 2-20A) wide while quartz-
carbonate-chlorite veins are millimeters to tens of centimeters wide (Fig. 2-20B).  Minor 
replacement of biotite by chlorite occurs immediately adjacent to chlorite veins.  The veins 
commonly have albite-quartz-tourmaline-sulfide selvages millimeters to meters in width (Fig. 2-
20C).  Albite occurs as poikilitic grains (0.1-3 mm) (Fig. 2-20E) with quartz, grunerite, pyrite, 





















Figure 2-20: Images of veins and altered Katangan Supergroup meta-sediments in drill core (A-
C), photomicrographs (D-E), and QEMSCAN® (F). (A) Chlorite veins with albite-pyrite 
selvages cutting the Kakontwe Limestone Formation in eastern domain. 1821B115E67R, 129 m.  
(B) Quartz-tourmaline-pyrite vein with albite-quartz selvage cutting rocks of the non-magnetic 
diamictite unit of the Grand Conglomérat Formation in southern domain. 1821B122E99AW, 
136.6 m.  (C) Quartz-carbonate-tourmaline-chalcopyrite vein with a pyrite-albite selvage cutting 
the magnetic diamictite unit of the Grand Conglomérat Formation in southern domain. 
1821B124E104BE 165 m.  (D) Cross-polarized photomicrograph of C. (E) Cross polarized 
photomicrograph of poikilitic albite that overgrew quartz, grunerite, and magnetite within the 
banded magnetite unit of the Grand Conglomérat Formation in eastern domain.  1821B115E67U, 
160 m. (F) QEMSCAN® image of an albite-pyrite selvage associated with a chlorite veinlet 
cross-cutting the metamorphic fabric of the banded magnetite unit in eastern domain. 
1821B115E67U, 160 m. Abbreviations: alb= albite, bio=biotite, carb=carbonate, gnt=garnet, 




















growth (sodic alteration) postdated magnetite mineralization (Fig. 2-19). Tourmaline in the vein 
selvages ranges from 25 µm to 3.6 mm in diameter (Fig. 2-20D).   
 Drill cores in the eastern domain commonly display pervasive feldspathic alteration of 
Mwashya Subgroup rocks that intensifies with depth until it is not possible to differentiate 
metasedimentary rocks from granitic basement rocks in hand sample. Assay data for Na2O 
demonstrates higher Na2O values in rocks towards the east suggesting that the faults bounding 
the eastern paleohigh acted as conduits for sodium-bearing hydrothermal fluids (Fig. 2-21).  
Assay data also demonstrate that zones adjacent to faults in the north and west display weak 
enrichment in Na2O (Fig. 2-21).  A comprehensive study of sodic alteration at Xaudum was not 
undertaken as part of this study. 
2.8 Sulfide Mineralization 
Rare anhedral to euhedral pyrite grains (up to 2 cm in diameter) occur sporadically in the 
biotitic matrix of Grand Conglomérat Formation and Mwashya Subgroup rocks and may 
represent diagenetic sulfides in what were weakly carbonaceous rocks.  However, sulfides are 
most common within quartz-carbonate-chlorite veins or disseminated in vein selvages (Fig. 2-
20).  Both pyrite and chalcopyrite occur within veins; rare poikilitic galena has also been 
observed.  In vein selvages, the sulfides overgrew and replaced magnetite.  Pyrite with apatite 
forms the matrix of a small crackle breccia observed in one drill hole that cuts magnetitic schist 
(Fig. 2-22).  
One disseminated pyrite grain, five vein-hosted pyrite grains and one vein-hosted 
chalcopyrite grain were sampled for sulfur isotopic analysis. δ34S values of the sulfides range 
from -18.92‰ to +14.39‰ (Fig. 2-23, Appendix G).  This large spread of sulfur isotopic values  







Figure 2-21: Leapfrog Geo ® image looking NNW of (Na2O wt.%)/(Na2O wt.% + K2O wt.%) from assay data across the study area 
showing the distribution of sodic alteration. Reds indicate higher values and blue indicate lower values. The position of the faults is 






Figure 2-22: QEMSCAN® image of a crackle breccia in grunerite-almandine-magnetite schist 
with pyrite, apatite, and some magnetite in the breccia matrix. 1821B115E67V2, 188 m. 
 
Figure 2-23: Frequency plot of pyrite and chalcopyrite sulfur isotope compositions colored by 
geologic unit (A) and texture (B). δ34S results are reported using the δ notation as a per mil 





Dechow and Jensen, 1965; Annels, 1989; Hoy and Ohmoto, 1989; Sweeney and Binda, 1989; 
Cailteux et al., 2005; Lerouge et al., 2005; Selley et al., 2005; McGowan et al., 2006; Haest et 
al., 2009; Muchez et al., 2010; Schmandt, 2012).  
Pyrite hosted in the Grand Conglomérat Formation displays a range of δ34S values from -
18.9‰ to +3.2‰.  These values are similar to those of framboidal diagenetic pyrite in siltstone 
layers of the Grand Conglomérat at Kamoa (-11‰ to +3‰; Schmandt, 2012) and those of pyrite 
in the Sturtian-aged Sturt Tillite in Australia and the Chuos diamictite in Namibia (ca. -20‰ to 
0‰; Hurtgen et al., 2002; Gorjan et al., 2003).  These relatively light δ34S values suggests the 
pyrite in Neoproterozoic diamictites inherited sulfur derived from bacterial sulfate reduction 
(BSR) of seawater sulfate (Ohmoto et al., 1990; Ohmoto and Rye, 1997). 
A pyrite grain in a vein cutting rocks of the Mwashya Subgroup has a δ34S value of -
7.5‰ while pyrite in a vein cutting the metagranite basement has a δ34S value of +8.6‰. Vein-
hosted chalcopyrite from the Grand Conglomérat Formation has a δ34S value of 14.4‰, the 
heaviest at Xaudum. The heavier isotopic values of the pyrite in the basement and the 
chalcopyrite indicate a sulfur source different from that of the other pyrite grains analyzed, 
potentially derived from BSR (Halverson and Zhou, 2011) or thermochemical sulfate reduction 
(Ohmoto and Rye, 1997) of isotopically heavy Neoproterozoic seawater sulfate. 
2.9 Carbon and Oxygen Isotopes 
Carbon and oxygen isotopic analyses were conducted to determine if carbonates in the 
Kakontwe Limestone Formation and magnetite-rich units at Xaudum display values and 
stratigraphic profiles consistent with other Sturtian ‘cap carbonates’ and iron deposits (Fig. 2-24, 






Figure 2-24: Stratigraphic plot of δ18O and δ13C data from limestone samples (calcite) in drill 
core L9600_13 in the eastern domain of Xaudum.  The Kakontwe Limestone Formation at 
Xaudum appears to display the ‘Rasthof anamoly’, which is consistent with Sturtian cap 
carbonates globally (Halverson and Zhou, 2011). 
Kakontwe Limestone Formation rocks that overly a condensed Grand Conglomérat Formation 
and Mwashya Subgroup sequence in the eastern domain.  These rocks display quartz-carbonate-
chlorite veining and sodic alteration that becomes more intense down hole.  
Above the contact with the Grand Conglomérat Formation, the Kakontwe Limestone 
Formation δ13C values show an abrupt positive shift (-5.48‰ to 2.30‰) in the first eleven meters 
followed by a largely vertical trend (ca. 1-4‰).  This trend of carbon isotopic values is similar to 
that observed in the Kakontwe Limestone Formation at Fishtie (Hendrickson, 2013) and Itawa 
(Bull et al., 2011) in Zamiba as well as in the carbonate rocks that overly the Grand Conglomérat 
Formation at Kamoa (Schmandt, 2012) in the DRC.  A similar trend, termed the ‘Rhastof 






Figure 2-25: Cross plot of carbon and oxygen isotopic values of samples from the Kakontwe 
Limestone Formation at Xaudum.  Boxes outline carbon and oxygen isotopic composition of 
proposed Kakontwe Limestone Formation equivalent units at Fishtie (Hendrickson, 2013), 
Kamoa (Schmandt, 2012), Kipushi (Berger et al., 2013), Itawa (Bull et al., 2011), and in 
Namibia (Yoshioka et al., 2003).  The carbon isotopic values of carbonate minerals at Xaudum 
are similar to those in stratigraphically equivalent units in the Damaran and Katangan 
Supergroups.   
the Chuos Formation diamictite in northwestern Namibia (Hoffman et al., 1998a; Yoshioka et 
al., 2003).  The ‘Rasthof anomaly’ (Yoshioka et al., 2003; Halverson et al., 2005), has also been 
observed in the Sturtian Tayshir Member in southwest Mongolia (Shields et al., 1997), the 
Taplay Hill Formation in southern Australia (Mckirdy et al., 2001), the Katakturuk Dolomite in 
northeast Alaska (Macdonald et al., 2009), the Twitya Formation in the Mackenzie Mountains 





Kaufman, 2003; Halverson and Zhou, 2011).  The similar trends suggest these horizons are 
stratigraphically and temporally correlative.  
Oxygen isotopic values of the Kakontwe Limestone Formation at Xaudum are similar to 
those of the Rasthof Formation of Namibia (Yoshioka et al., 2003), but are significantly lighter 
than those of the Kakontwe Limestone Formation in the CACB (Bull et al., 2011; Berger et al.,  
2013; Hendrickson, 2013). Yoshioka et al. (2003) concluded from petrographic and geochemical 
evidence that the oxygen isotopic compositions of limestones in the Rasthof Formation are 
unaltered.  However, petrographic evidence suggests the limestones above the Grand 
Conglomérat Formation at Kamoa, which Schmandt (2012) equated to the Kakontwe Limestone 
Formation, are also unaltered (M. Hitzman, pers., commun., 2017) though they display much 
heavier oxygen isotopic values than those at in the Rasthof Formation in Namibia or at Xaudum.  
The reasons for such divergence in oxygen isotopic values in apparently unaltered carbonate 
rocks is unclear.  It is likely, however, that the oxygen isotopic values in the Kakontwe 
Limestone at Xaudum have been disturbed during metamorphism. 
Carbon and oxygen isotopic data from ankerite within the magnetite-bearing interval near 
the base of the Grand Conglomérat Formation at Xaudum (n=6) have average values of -6.0‰ 
and -13.8‰, respectively (Fig. 2-26).  These values are similar to those of ankerite in magnetite- 
bearing horizons within the Grand Conglomérat Formation at the Fishtie deposit in Zambia 
(Hendrickson, 2013) but somewhat lighter than ankerite in the Sturtian aged Urucum in Brazil   
(-7.0‰ to -4.4‰; Klein and Ladeira, 2004) and the Rapitan iron-deposits in Canada (-3.4‰ to    
-0.8‰; Klein and Beukes, 1993). These light carbon isotopic values may reflect Neoproterozoic 
seawater concentrations (Klein, 2005), microbial iron respiration (Buekes and Gutzmer, 2008), 





horizon at Xaudum are much lighter than in the iron deposits at Fishtie (Hendrickson, 2013) and 
in the Rapitan Group (Klein and Buekkes, 1993) suggesting that, as in the Kakontwe Limestone 
Formation, there may have been oxygen exchange during metamorphism. 
 
Figure 2-26: Cross plot of carbon and oxygen isotopic values of samples from the magnetite 
mineralized horizon in the Grand Conglomérat Formation at Xaudum.  Boxes outline carbon and 
oxygen isotopic composition of Neoproterozoic iron-deposits at Fishtie (Hendrickson, 2013), and 
the Rapitan Iron-formation in the Yukon and Northwest Territories (Klein and Buekes, 1993). 
2.10 Discussion 
Xaudum is one of several iron oxide-rich deposits of Sturtian age, termed ‘Rapitan-type’ 
deposits (Bekker et al., 2010), that mark the return of widespread iron deposition after a one-
billion-year hiatus (Klein and Buekes, 1993; Cox et al., 2013).  Rapitan-type deposits (Eisbacher, 
1981; Klein, 2005; Bekker et al., 2010; Planavsky et al., 2010; Hoffman et al., 2011; Freitas et 





contain ferruginous siltstone or ferruginous diamictite.  They commonly show abrupt thickness 
changes and are located in extensional basins with spatial and temporal links to mafic 
magmatism.  They are commonly enriched in phosphorous and some contain significant 
manganese (Buhn et al., 1992; Klein and Ladeira, 2004).  The Xaudum iron prospect shares all 
of these characteristics.   
Some Rapitan-type deposits appear to have formed through exhalative processes in which 
iron-rich hydrothermal fluids migrated along faults and either debouched into basins or 
infiltrated permeable sediments resulting in the precipitation of iron bearing minerals (Breitkopf, 
1988; Eyles and Januszczak, 2004; Freitas et al., 2011; Hendrickson, 2013). Ironstones at the 
Fishtie copper deposit in the CACB (Hendrickson, 2013) thicken toward synsedimentary faults 
that clearly acted as conduits for hydrothermal fluids responsible for later copper mineralization 
suggesting that the faults could also serve as a fluid pathway for the fluids that precipitated iron 
oxide minerals.  Purported jasper veins which crosscut the Chuos Formation diamictites in 
Namibia that host iron deposits also suggest a hydrothermal origin (Eyles and Janaszczak, 2004). 
At the Jacadigo Group iron deposit, which is geochemically similar to the banded magnetite 
rocks at Xaudum (Appendix E), jasper veins crosscut basement rocks that underlie the iron 
deposit, non-detrital magnetite is observed adjacent to fault structures, and iron and silica 
deposits are temporally linked to periods of maximum fault displacement (Freitas et al., 2011), 
illustrating the importance of hydrothermal fluids and synsedimentary faults.  Mafic magmatism, 
present at all Rapitan-type deposits, probably acted as a driver for the circulation of iron-rich 
fluids and could also have provided a source of hydrothermal iron (Breitkopf, 1988; Bekker, 
2010; Cox et al., 2013).  





Grand Conglomérat Formation deposition along with corresponding changes in the chemical 
composition of the rocks in relation to those faults, which are known hydrothermal fluid 
conduits, suggests a similar exhalative model could apply.  While the layering, mineralogy, and 
distribution of the banded magnetite and garnet-grunerite units suggest they formed as primary 
chemical sediments, it is likely magnetite was precipitated within the magnetic diamictite and 
schist through infiltration of iron-rich fluids.   
While some Rapitan-type deposits appear to have formed from hydrothermal fluids, 
others appear to lack structures that could have guided hydrothermal fluids. Iron-rich rocks in 
these deposits form stratigraphic units that commonly have strike lengths of 10’s to 100’s km 
suggesting that they are predominantly sedimentary in origin (Young, 1976; Yeo, 1981; Henry et 
al., 1986; Buhn et al., 1992; Breitkopf, 1988; Klein and Buekes, 1993; Klein and Ladeira, 2004; 
Basta et al., 2011; Le Heron et al., 2011a,b; Zang et al., 2011).  Further evidence for a 
sedimentary origin of these deposits includes the presence of ‘iron formation’ clasts in the 
diamictites that host the deposits (Henry et al., 1986; Le Heron et al., 2013), presence of 
microcrystalline hematite laminae in stromatilites (Le Heron et al., 2013), presence of ferriferous 
and siliceous allochems that form sedimentary structures, and the presence of intraformational 
conglomerates (Klein and Buekes; 1993; Klein and Ladeira, 2004; Freitas et al., 2011).  
The synchronous and short-lived reappearance widespread of banded iron deposits in the 
Sturtian (Arnaud et al., 2011; Cox et al., 2013), a period of extreme perturbations of the Earth 
surface environment (Kirschvink, 1992), strongly suggests that the chemical conditions of 
Neoproterozoic oceans were a critical factor in the formation of Rapitan-type iron deposits.  
Local (Baldwin et al., 2012) or global (Kirschvink 1992; Hoffman and Schrag 2000; Hoffman 





conditions in Neoproterozoic oceans that facilitated the accumulation of dissolved Fe2+ (Klein, 
2005; Bekker, 2010) (Fig. 2-27).  Global glaciation may also explain the development of 
ferruginous instead of sulfidic conditions in the oceans (Cox et al., 2013).  Recent work (Basta et 
al., 2011; Freitas et al, 2011; Le heron et al, 2013) indicates that glacial ice cover may not have  
 
Figure 2-27: A simplified depositional model to explain the lateral facies distribution of the 
Xaudum iron deposit during periods of glacial ice cover (top) and interglacial transgression 
(bottom) based on the distribution of rock types and magnetite mineralized units, assay data and 
geochemistry of magnetite mineralized units at Xaudum.  During periods of glacial ice cover the 
restricted sub-basin became anoxic resulting in the concentration of dissolved Fe2+ in seawater 
derived primarily from hydrothermal brines. During interglacial periods surface waters were 
oxygenated resulting in the development of an iron chemocline. Banded magnetite rocks could 
have been deposited during periods of reduced sedimentation (receding ice margins) with 
deposition of more argillaceous facies closer to the basin margin.  This model builds upon 
models for Neoproterozoic Iron Formations by Young (1988), Klein (2005), Bekker et al. 
(2010), Freitas et al. (2011), Hoffman et al. (2011), Baldwin et al. (2012), Cox et al. (2013, 





been the fundamental control on the development of ferruginous anoxic ocean basin conditions 
in the Neoproterozoic, but may have tipped the balance towards those conditions within localized 
restricted basins (Baldwin et al., 2012; Cox et al., 2013).  Glacial melt back (Kirschvink, 1992; 
Klein and Beukes, 1993) or subglacial meltwater discharge (Young, 1988; Hoffman, 2005; 
Lechte et al., 2016) could have resulted in mixing of oxygenated water with anoxic waters rich in 
dissolved Fe2+ and led to the development of an iron chemocline.  Recent estimates of iron fluxes 
to modern day oceans and chemical and isotopic investigations of Rapitan-type deposits suggest 
that dissolved iron sourced from sediments, in particular mafic igneous sediments, may have 
been important sources of iron (Tagliabue et al., 2010; Raiswell and Canfield, 2012; Cox et al., 
2013; Cox et al., 2016).  
The apparent relationship of mineralized units at Xaudum relative to paleotopographic 
features is similar to the facies distribution observed in Precambrian iron formations of 
sedimentary origin (Klein, 2005).  The apparently extremely long strike length (~40 km) of iron-
rich rocks in the Xaudum area based on geophysical evidence is similar to some of the 
apparently sedimentary Rapitan-type deposits. In addition, the enrichment of manganese in the 
banded magnetite unit at Xaudum above paleohighs is consistent with fractionation of dissolved 
Mn and Fe across a chemocline (e.g. Black Sea; Maynard, 1991, Buhn et al., 1992; Maynard, 
2010). Thus, Xaudum appears to have characteristics of both the hydrothermal and sedimentary 
variants of Rapitan-type iron deposits. Geologic evidence indicates that hydrothermal fluids were 
present at Xaudum after magnetite formation. It is possible that earlier, probably lower 
temperature, and sulfur-poor brines could have delivered iron-rich fluids from the underlying 
sediments and into the basin at Xaudum through seeps similar to those observed on the modern 





observed in the Red Sea and Gulf of Mexico today (Warren, 2000, 2006) and formed what is 
now the magnetic diamictite and schist units.  However, precipitation of iron oxides and 
manganese may have been facilitated by the unique seawater chemistry related to the Sturtian 
glacial event.  
2.11 Conclusions 
The iron occurrence at Xaudum forms a 37 km NNE-trending magnetic anomaly in 
northwestern Botswana.  Iron-rich rocks form two stratiform horizons hosted within diamictites 
of the Neoproterozoic Nguba Group Grand Conglomérat Formation that were deposited above 
and adjacent to paleohighs along a basin margin.  The iron-rich rocks and surrounding sediments 
were complexly deformed during a later tectonic event. The now metamorphosed iron-rich rocks 
include magnetic diamictite, magnetic schist, garnet-grunerite schist, and banded magnetite units. 
The pelitic magnetic schist and magnetic diamictite units contain disseminated magnetite. The 
banded magnetite and garnet-grunerite schist units consisted of a pre-metamorphic mineral 
assemblage of iron oxide-cryptocrystalline quartz-ankerite-dolomite with minimal argillaceous 
material.   
The different magnetite-rich units within the potential ore horizons display distinct trends 
in thickness and mineral abundance relative to apparent synsedimentary fault bound paleohighs.  
Variations in the banded magnetite unit may reflect the distribution of original sedimentary 
facies that resulted from the development of a chemocline in the water column and the influx of 
sediment into the basin along the basin margin.  The extent of the magnetic schist and diamictite 
units may be confined to areas that were predisposed to the infiltration of iron rich fluids.  Drill 
core logging and drill core assay data suggest the basement bounding faults in the prospect acted 





recognition of these lithologic changes with respect to basement highs could provide a valuable 






A COMPARATIVE STUDY OF SEVERAL IRON OCCURRENCES IN THE KATANGAN 
SUCCESSION OF SOUTHERN AFRICA 
3.1 Introduction 
 Large iron oxide occurrences have long been recognized in the Katangan Supergroup 
succession of the Central African Copperbelt (CACB) (Cornet, 1910; Wagner, 1921) and several 
of these occurrences are spatially associated with base metal deposits. This comparative study 
documents the stratigraphy, structural setting, geometry, texture, mineralogy, and paragenesis of 
iron-rich sequences at a number of occurrences in the CACB including the Kamoa deposit, 
Kipushi East prospect, Mulenga prospect, Kabolela deposit, Mukondo deposit, and Bangwe 
deposit in the Democratic Republic of Congo (DRC); the Kansanshi deposit, Chafaguma Hill, 
Fishtie deposit, Konkola deposit, and Kasumbalesa deposit in Zambia. The study also presents 
data from the Xaudum iron prospect in Botswana and from an iron occurrence in the Kaokoland 
region of northern Namibia (Fig. 3-1, Table 3-1; Fig. 3-2). The study provides insights into the 
genesis of these iron oxide occurrences and elucidates the previously empirical relationship 
between iron occurrences and base metal deposits in the CACB. 
3.2 Methods 
This study was based on three months of field mapping, core logging, and sample 
collection that occurred between 2014 and 2015.  A total of 46 cores (14,600 m) were logged 
from the Kansanshi deposit, Konkola deposit, and Xaudum project.  Field mapping was 
conducted at Chafaguma Hill, Zambia and near Opuwo (Kaokoland), Namibia.  A Fischer 
Scientific Thermo Niton XL3t handheld XRF was used to gain semi-quantitative elemental data 






Figure 3-1: Simplified geologic map of the Central African Copperbelt showing the location of cities, base metal deposits (black 
circles), and iron occurrences in this study (red circles).  Inset map shows location of the CACB, the Fishtie copper deposit (F), the 
Xaudum iron ore prospect (X), and the Kaokoland iron occurrence in Namibia (K).  Red dashed boxes show the locations of Figure 3-
4, Figure 3-6, Figure 3-8, Figure 3-13:  and Figure 3-19. ZCB= Zambian Copperbelt, CCB= Congolese Copperbelt, NWP= Northwest 





Table 3-1: Summary of the location, stratigraphic level, local alteration, metamorphic grade, texture, mineralogy and previous work 












Texture Mineralogy Previous Work 
Konkola 
Copperbelt Province of 








Magnetite, hematite, quartz, 
dolomite, calcite, goethite, apatite, 
scapolite, talc, chlorite, muscovite 
Sweeney et al., 1986; 
Sutton et al., 2005; 
Torremans et al., 2013 
Kipushi East 
Congolese Copperbelt, 5 km 
southeast of the Kipushi Cu-
Zn-Pb-Ge deposit 
Dipeta Subgroup K, Mg, Si Lower greenschist Banded, massive 
Magnetite, quartz, dolomite, 
pyrite. Hematite (mushketovite 
and specular hematite) 
----- 
Kasumbulesa 
Copperbelt Province of 











Stohl, 1969; Bala-Bala 
and Madi-Lugali, 1979 
Makundo 
 
Congolese Copperbelt, near 
the Kakanda Deposit 
Mwashya 
Subgroup 




Specular hematite, quartz, 
dolomite, K feldspar, phlogopite 
----- 
Bangwe 
Congolese Copperbelt, near 
the Kakanda Deposit 
Mwashya 
Subgroup 
Mg, Lower greenschist Breccia, banded Specular hematite, quartz, chlorite ----- 
Kabolela Congolese Copperbelt 
Mwashya 
Subgroup 
Si, Mg Lower greenschist 
banded, massive, 
brecciated 
Specular hematite, jasper, K 
feldspar, chlorite, quartz. 
----- 
Mulenga Congolese Copperbelt 
Mwashya 
Subgroup 
----- Lower greenschist Banded Jasper ----- 
Chafaguma 
Hill 
Northwest Province of 








Central Province of Zambia, 
ca. 5 km south of the DRC. 
Grand  
Congl. Fm. 
Mg, K Si Lower greenschist 
Banded, 
Disseminated 
magnetite, ankerite, quartz, 
apatite, chlorite, biotite 
Hendrickson, 2013; 
Hendrickson et al.,2013 
Kansanshi 
Mine 
Northwest Province of 

















Congolese Copperbelt ca.25 





K, Mg, Si Sub-greenschist 
Bedded, 
disseminated 
quartz, pyrite, K feldspar, 
chlorite, ankerite, muscovite, and 
biotite 
Schmandt et al., 2013; 
Broughton,  2013; 
Schmandt,  2013 
Xaudum 









magnetite, quartz, grunerite, 
almandine, ankerite, and annite 
This study 
Kaokoland 
Namibia, 25 km north of 
Opuwo  
Chuos Fm. ----- Sub greenschist Banded, Nodular Magnetite, Jasper, goethite 
Miller, 2008; Hoffman et 






Figure 3-2: Generalized comparison of the stratigraphic columns of the Damaran and Katangan 
Supergroups of southern Africa with the locations of the iron occurrences in this study. 
Parenthesis indicate if the lithostratigraphic nomenclature corresponds to the Zambian 
Copperbelt (ZCB), Congolese Copperbelt (CCB), or Northwest Province (NWP). The 
stratigraphic setting of the Kipushi East and Kasumbalesa occurrences are not known with 
certainty. Figure is modified after Miller (2013) and Hitzman et al. (2012) with 
chronostratigraphic data from Hawkesworth et al. (1981), Hawkesworth et al. (1983), Hoffman 
et al. (1994), Grotzinger et al. (1995), Hoffman et al. (1996), de Kock et al. (2000), Key et al. 







deposits and Chafaguma Hill, Konkola deposit, Kipushi East prospect, and the Xaudum iron-ore 
deposits were provided by FQM Ltd., Vale, Eurasian Natural Resource Corporation (ENRC), 
and Tsodilo Resources Ltd., respectively.  Samples from the Kipushi East prospect, Mulenga 
prospect, Kabolela mine, Mukondo mine, and Bangwe prospect controlled by ENRC were 
collected and sent to Colorado School of Mines (CSM) by Dr. Murray Hitzman.  Assay data was 
provided for Kansanshi, Kipushi East, and the Xaudum project.  
Nearly 140 thin sections were analyzed in reflected and transmitted light for this study.  
Scanning Electron Microscope (SEM) analysis was conducted at Colorado School of Mines 
using a TESCAN Field Emission (FE)-SEM with a single-crystal YAG backscatter electron 
detector (BSE) for imaging and a Bruker XFlash 6/30 silicon drift detector for semi-quantitative 
chemical spot analysis using an energy dispersive X-ray detector (EDS). The working distance 
used was 10 mm at 20 kV acceleration voltage for BSE, and at 10 mm and 15 kV for EDS 
analysis.  Quantitative mineralogical and textural analyses were conducted at the Advance 
Mineralogy Research Center at CSM using a fully automated QEMSCAN® system. The latter 
combines a Carl Zeiss EVO 50 SEM, four Bruker X275HR EDS detectors and the iDiscover 
proprietary software. Analyses were carried out using a working distance of 20 mm at 25 kV 
acceleration voltage, for creating false colored mineral distribution maps. 
One hundred and twenty carbonate and fifty-seven sulfide mineral samples were prepared 
for isotopic analysis at CSM and analyzed at the USGS facility in Lakewood, Colorado.  Whole 
rock carbonate samples were obtained using a tungsten carbide tipped drill bit in a stationary 
drill press.  Isotopic analysis was conducted with a Micromass Multiprep device attached to a 
Micromass Optima mass spectrometer by Cayce Gulbransen and Dr. Craig Johnson of the USGS 





with 100% H3PO4 to produce CO2.  The carbon and oxygen isotopic compositions of this CO2 
were then analyzed by dual viscous inlet.  The mass spectrometer system was calibrated by 
analyzing NIST reference materials NBS 18 and NBS 19.  δ13C and δ18O values are reported 
relative to Vienna Pee Dee Belemnite (VPDB) and Vienna Standard Mean Ocean Water 
(VSMOW), respectively.  
Sulfur isotopic analysis was conducted on sulfides from the Xaudum and Fishtie 
prospects.  Through microdrilling, 0.22±0.02 mg of pyrite and chalcopyrite were obtained and 
placed in aluminum capsules with approximately 1 mg of V205.  Sulfide samples were analyzed 
by Matt Emmons and Dr. Craig Johnson using a Flash 2000 elemental analyzer coupled with a 
Thermo Delta Plus XP mass spectrometer.  NIST reference materials NBS 127 and IAEA-S-1 
were utilized for determining precision that is estimated at ±0.2‰ (C. Gulbransen, pers. 
commun., 2016).  Sulfur isotopic values are reported relative to Vienna Cañon Diablo Troilite 
(VCDT). 
Leapfrog Geo®, a three-dimensional modeling software, was utilized to create geologic 
models of the Xaudum iron ore prospect and the Kipushi East copper prospect from drill hole, 
assay, and geophysical data. 
Existing literature provided context for several of the iron-occurrences.  The summaries 
of iron oxides at Fishtie, Kamoa, and Kasumbalesa presented here are based primarily on the 
work of Stohl (1969) and Bala-Bala and Madi-Lugali (1979), Henrickson (2013), and Schmandt 
(2013), respectively. 
3.3 The Katangan and Damaran Supergroup Successions 
The estimated 5-10 km thick Neoproterozoic Katangan Supergroup sedimentary 





Broughton, 2014) present in southern DRC, eastern Zambia, and southern Angola was deposited 
in a series of interconnected, intracontinental rift basins.  The CACB is divided into the 
Northwest Province (NWP), Zambian Copperbelt (ZCB), and Congolese Copperbelt (CCB), 
which share similar stratigraphic sequences, but display distinct lithologic and structural 
differences (Fig. 3-1).  The Katangan Supergroup is subdivided in the CACB into the Roan, 
Nguba, and Kundelungu Groups (Fig. 3-2; Cailteux, 1994).  
The basal Roan Group in ZCB consist of synrift, subaerial to shallow marine siliciclastic 
rocks of the Lower Roan Subgroup.  They are overlain by platformal carbonate rocks, stratiform 
and discordant breccias (after evaporites), and subordinate siliciclastic rocks of the Upper Roan 
Subgroup (Selley et al., 2005; Bull et al., 2011).  In the CCB, the basal Roan Group is composed 
of fine-grained siliciclastic rocks of the R.A.T. Subgroup that are overlain by mixed dolomite-
siliciclastic rocks of the Mines and Dipeta Subgroups (François, 1973; Cailteux, 1994; Cailteux 
et al., 2005; Kampunzu et al., 2005).  The Dipeta Subgroup is comprised of a lower unit of 
hematitic, argillaceous dolomitic siltstones, sandstones, and conglomerates, and an upper unit of 
evaporitic lagoonal deposits, stromatilitic carbonates, and deeper water dolomitic shales and 
siltstones (Hitzman et al., 2012). 
  Halokinetic megabreccias are present throughout the 25,000 km2 of the CACB and can 
contain megaclasts up to 10 km long (Jackson et al., 2003).  In the CCB, the basal Roan Group 
rocks that traditionally host the ore deposits are only observed as megaclasts (Demesmaeker et 
al., 1963; De Magnée and François, 1988; Kampunzu and Cailteux, 1999; Jackson et al., 2003).  
The megabreccias are interpreted to have formed from the mobilization and subsequent 
dissolution of anhydrite, halite, and gypsum in the Roan Group evaporites (Demesmaeker et al., 





Jackson et al., 2003; Broughton, 2014). Evaporites in the CCB appear to have become diapiric 
(Jackson et al., 2003), while in the ZCB they do not appear to have formed significant diapiric 
structures, perhaps due to originally thinner evaporitic sequences (Hitzman et al., 2012). Loci of 
the diapiric breccias in the CCB appear to be controlled by underlying structural lineaments (D. 
Selley, unpub. data, 2012).  
The Mwashya Subgroup forms the upper portion of the Roan Group.  It is composed of a 
lower dolomitic sequence that may be intercalated with minor volcaniclastic rocks and an upper 
shale dominated sequence (Cailteux et al., 2007; Bull et al., 2011).  While recent work has 
placed the lower dolomitic sequence, or Kansuki Formation, into the Upper Roan-Dipeta 
Subgroup (Cailteux et al., 2007; Bull et al., 2011), this paper recognizes the Kansuki Formation 
as part of the Mwashya Subgroup (Mendelsohn, 1961; François, 1973; Cailteux, 1994; 
Broughton, 2014).  Significant mafic volcanism, dated from ca. 765-735 Ma (Key at al., 2001; 
Barron, 2003), occurred during the deposition of the Mwashya Subgroup and continued into 
lower Nguba Group time.  Around the basin margins (i.e. Kamoa; Cailteux et al., 2007; 
Schmandt et al., 2013) the Mwashya Subgroup was deposited as terrigenous siliciclastic rocks. 
The Grand Conglomérat Formation diamictites provide a regional stratigraphic marker at 
the base of the Nguba Group.  The Grand Conglomérat Formation has been interpreted as a 
glacially derived sequence of Sturtian age (ca. 765-735 Ma; Key et al., 2001) based on lateral 
continuity and thickness of diamictite beds, extrabasinal origin of some clasts, striated and 
faceted clasts, abundant poorly sorted fine-grained matrix, and the presence of planar laminated 
shales with dropstones (Binda and Van Eden, 1972; Wendorff and Key, 2009; Master and 
Wendorff, 2011).  In places, it appears that the Grand Conglomérat Formation diamictites were 





Key, 2009; Hendrickson, 2013; D. Broughton, pers. commun., 2017). Systemic thickness 
changes in the Grand Conglomérat Formation across mega-breccia cored anticlines in the CCB 
indicate that salt diapirism was initiated during deposition of this unit (Hitzman et al, 2012). 
The Kakontwe Limestone Formation (Cailteux et al., 2007), or stratigraphically 
equivalent fine-grained siliciclastic rocks, overlie the Grand Conglomérat Formation in the 
CACB (Master and Wendorff; 2011).  Above the Kakontwe Limestone Formation, the Nguba 
Group rocks consist mainly of dolomitic sandstones and siltstones (Batumike et al., 2006, 2007). 
Much of the Roan Group, and locally portions of the Nguba Group, displays a complex history 
of diagenetic to hydrothermal alteration thought to have resulted from movement of residual 
evaporitic brines beneath and locally escaping above thick evaporitic sequences that were present 
in the Upper Roan Subgroup (Hitzman et al., 2012). 
The Nguba Group in the CACB is overlain by a glaciogenic diamictite and cap carbonate 
(Wendorff, 2003) called the Petit Conglomérat Formation and Lusele Formations (“Calcare 
Rose”), respectively, which mark the base of the Kundelungu Group (François, 1973; Dumont 
and Cahen, 1977).  The overlying succession is dominated by siliciclastic sedimentary rocks.   
The ca. 590-500 Ma Lufilian orogeny resulted in the inversion and deformation of the 
Katangan Supergroup sediments (John et al., 2004; Rainaud et al., 2005; Selley et al., 2005).  
Basin inversion led to complex folding and reverse movement along reactivated synsedimentary 
normal faults (McGowan et al., 2003, 2006; Selley et al., 2005; Hitzman et al., 2012).  Salt 
movement likely continued into the period of Lufillian deformation (Jackson et al., 2003).  
Metamorphism was regional heterogenous generally resulting in lower greenschist facies in the 





garnet bearing assemblages in the NWP (Ramsay and Ridgeway, 1977; Cosi et al., 1992; 
Broughton et al., 2002; Hitzman et al., 2012). 
The iron occurrences studied are located within the Grand Conglomérat Formation, the 
Mwashya Subgroup, and the upper Roan /Dipeta Subgroups (Fig. 3-2).  The stratigraphic 
position of the iron-bearing sedimentary rocks at Kasumbalesa and Kipushi East is uncertain.  
Samples from the iron occurrence in the Kaokoland region of northern Namibia occur 
within the Chuos Formation diamictites of the Damaran Supergroup.  Geochronologic data and 
lithologic similarities indicate that the Chuos Formation diamictites are correlative with the 
Grand Conglomérat Formation of the Katangan Supergroup (Fig. 3-2; Haughton, 1963; Cahen 
and Snelling, 1966; Cahen et al., 1984; Miller, 2013).  The Chuos Formation (<746±2 Ma; 
Hoffman et al., 1996) has been a focal point for modern Snowball Earth studies (Hoffman and 
Prave, 1996; Hoffman et al., 1998, 2007; Evans, 2000; Condon et al., 2002, Hoffman, 2011b; 
Domack and Hoffman, 2011).  Iron oxide occurrences associated with the Chuos Formation have 
been reported from at least twenty-eight localities in northern and central Namibia (Breitkopf, 
1988). 
Outcrop (Miller and Schalk, 1980), geophysical (Rankin, 2015), geochronologic (Gerner, 
2010; Witbooi, 2011; Gaisford, 2011), and data from drilling strongly suggest that the rocks that 
host the Xaudum deposit in northwestern Botswana are equivalents of the Katangan Supergroup 
that were deposited in an area that linked the Katangan and Damaran Supergroup basins. 
3.4 Iron Occurrences  






3.4.1 Fishtie (Kashime) Copper Deposit 
The Fishtie copper deposit is located southeast of the ZCB, five kilometers south of the 
DRC, and 30 km north of the village of Mkushi, Zambia.  The deposit was estimated to contain 
approximately 55 Mt at 1.04% Cu at a 0.5% copper cutoff (Hanssen, 2008; Hendrickson et al., 
2015).  The Fishtie deposit occurs on the northeastern edge of the small Lusale basin within 
greenschist facies metamorphosed Grand Conglomérat and Kakontwe Limstone Formation rocks 
that rest directly on pre-Katangan basement schists and quartzites.  Drill data suggests that a 
series of normal faults in the deposit area have down-throw primarily to the south and form an 
arcuate pattern that strikes subparallel to the basin margin.  Copper sulfides at Fishtie are 
disseminated within the Grand Conglomérat Formation and disseminated, vein hosted, or occur 
as massive replacement within the overlying Kakontwe Limestone Formation.  
 At Fishtie banded and disseminated magnetite occur within Grand Conglomérat 
Formation rocks.  The Grand Conglomérat Formation at Fishtie ranges in thickness between 20-
150 m.  It is thickest adjacent to inferred normal faults suggesting the faults had synsedimentary 
movement.  The diamictite is typically matrix supported with clasts comprising 15-30% of the 
rock.  Clasts are subangular to subrounded, range in diameter from 2 mm to > 2 m, and consist of 
quartzite, muscovite-quartz schist, vein quartz, dolostone, limestone, and altered mafic igneous 
rocks.  Although no gabbro or basalt was identified in the immediate deposit area, mafic igneous 
clasts suggest that such rocks were exposed nearby.  Outside of the magnetite and sulfide 
mineralized zones, the matrix consists of quartz, albite, K feldspar, white mica, calcite, dolomite 
with lesser chlorite, biotite, tourmaline, apatite, rutile, and pyrite.  The diamictites are 
interbedded with 10 cm-20 m thick laminated and thinly bedded siltstones composed of white 





interpreted to have been deposited by mass flow/debris flow processes and turbidity currents 
respectively (Hendrickson et al., 2015).  Dropstones are locally present within the siltstone layers 
suggesting deposition in a glacial environment.  Although the rocks contain metamorphic micas 
and detrital grains have been largely recrystallized, they do not display a pronounced foliation. 
Magnetite-bearing rocks occur within a 2 km by 500 m area.  They can be separated into 
two types: banded magnetite rocks (Fig. 3-3A) and siltstones and diamictites with disseminated 
magnetite (Fig. 3-3B).  The banded intervals are commonly interbedded with siltstones or thin 
diamictite beds containing disseminated magnetite.  The banded magnetite rocks at Fishtie 
appear to thicken towards normal faults and have a maximum known thickness of 10 m.   
Banded magnetite rocks are composed of magnetite, ankerite, quartz, and apatite with 
lesser chlorite and biotite (Fig. 3-3E).  They consist of alternating modal bands of magnetite, 
magnetite-quartz, magnetite-ankerite, ankerite, and apatite.  Nodules of ankerite- and apatite-rich 
material observed within the banded rocks could be diagenetic growths, rip-up clasts, or less 
probably replacements of lonestone clasts (Fig. 3-3A). 
Magnetite occurs as subhedral to euhedral grains (<0.1 mm) that are commonly 
intergrown with quartz.  Distinct detrital grains of quartz are absent from this unit.  Ankerite 
occurs as subhedral to anhedral grains (200 µm-0.2 mm).  Subhedral to anhedral apatite grains 
(<0.2 mm) can be disseminated (Fig. 3-3F) or can form nearly monomineralic bands (Fig. 3-3G).  
Anhedral chlorite grains (10-50 µm) rim or are intergrown with magnetite.  Some chlorite grains 
are rimmed by biotite (Fig. 3-3C).  There is a distinct increase in mineral grain size towards the 
base of some of these iron-mineralized beds that mimics graded bedding.  The banded magnetite 
rocks contain up to 46 wt.% Fe2O3, 58 wt.% SiO2, and 4 wt.% P2O5, with <1 wt.% Mn. 












Figure 3-3: Petrography of the iron occurrence in the Grand Conglomérat Formation at Fishtie 
compiled from Hendrickson (2013).  (A) Banded magnetite rock within the Grand Conglomérat 
unit containing dark bands of magnetite-quartz, brown bands of ankerite, magnetite, and quartz, 
and pale apatite-rich bands. The sample contains several small nodules of ankerite- and apatite-
rich material. KEDD-0032, 78.9 m.  (B) Lonestone of quartzite within weakly banded magnetite- 
and ankerite-rich siltstone from within the Grand Conglomérat Formation. The clast deforms 
underlying beds, suggesting this is a dropstone.  KEDD-0034, 113.5 m.  (C) Typical magnetite 
grains in Grand Conglomérat Formation diamictite matrix. The magnetite is euhedral to 
subhedral and is intergrown with chlorite, quartz, and ankerite.  KEDD0008, 97 m.  (D) 
Reflected light photomicrograph of chalcopyrite overgrowths on magnetite in the banded 
magnetite rocks within the Grand Conglomérat Formation.  KEDD0032, 79.2 m.  (E) 
QEMSCAN® image with a 15 µm resolution of typical banded magnetite rock. The upper part 
of sample contains abundant magnetite that is intergrown with quartz and minor ankerite and 
apatite. The lower portion of the sample is apatite rich. A band with irregular clots of ankerite 
separates the two domains. The apatite-rich zone contains quartz-rich and magnetite-rich bands. 
The area of images (F) and (G) are outlined in black.  KEDD0033, 44 m.  (F) Enlarged view of 
banded iron occurrence in (E) at 2 µm resolution. The sample consists of intergrown quartz, 
magnetite, and ankerite with minor chlorite, biotite, muscovite, and apatite.  (G) Enlarged view 
of (E) at 2 µm resolution. The sample is composed of apatite and quartz with intergrown 
magnetite, chlorite, and ankerite. Apatite occurs as semi-continuous bands with very minor 



















disseminated subhedral to anhedral magnetite grains (10-100 µm) that are commonly intergrown 
with chlorite.  Chlorite is partially replaced by biotite.  Muscovite aggregates overgrow 
magnetite, ankerite, and apatite. Chalcopyrite at Fishtie overgrows magnetite in the banded rocks 
and disseminated magnetite in the diamictite (Fig. 3-3D); this indicates the copper mineralization 
postdated the iron mineralization. 
Hendrickson et al. (2013) argued that the absence of iron formation clasts in the 
diamictite, presence of possible graded textures in the banded unit, and thickening of the banded 
magnetite unit towards faults are evidence that the iron oxide bearing rocks at Fishtie resulted 
from early replacement of porous graded siltstone layers.  They suggested that iron-bearing 
fluids traveled along normal faults that also provided conduits for later copper mineralizing 
fluids (Hendrickson et al., 2015).   
However, the fine layering, apparent absence of detrital grains, and absence of distinct 
replacive textures in the banded interval could also suggest a sedimentary origin for the banded 
magnetite unit.  Bekker et al. (2010) noted that apparent graded bedding is widespread within 
banded iron formations and Krapez et al., (2003) suggested that precursor sediments for iron-rich 
rocks were granular.  Granular iron precursor sediments should display spatial changes in 
thickness comparable to the clastic units of the Grand Conglomérat Formation, as is observed.  
The disseminated magnetite in the diamictites and siltstones was probably formed by infiltration 
of iron-rich fluids rather than by chemical precipitation in the water column or detrital grains. 
3.4.2 Konkola Copper Deposit 
At 26.8 Mt of contained copper, the Konkola deposit is the largest copper deposit in the 
ZCB (Hitzman et al., 2012).  Located north of Chingola on the northern end of the ZCB, the 






Figure 3-4: Simplified geologic map of the Konkola-Musoshi deposit area, with surface 
projection of the Ore Shale orebodies. The surface traces of the stratigraphic units are 
constrained by mapping, drill hole data, and geophysics data. Figure has been modified from 
Hitzman et al., 2012. 
Konkola North, Konkola Deep, and Musoshi orebodies (Hitzman et al., 2012), and encompasses 
a recent area of exploration, Area A (a.k.a. the Lubambe Extension) (Fig. 3-4).  Konkola is a 
stratiform copper-cobalt deposit that contains chalcopyrite, bornite, chalcocite, and carrollite 
within dolomitic siltstones of the Kitwe Formation in the Lower Roan Subgroup (Sweeney et al., 
1986). The Katangan sediments in the deposit area were deposited in an asymmetric basin 
between the Kiralobombwe and Konkola basement domes, which exhibit dextral offset at depth.  
At Konkola Deep (Hitzman et al., 2012), Konkola (Torremans et al., 2013), and Konkola North 





faults and high grade copper zones.   
Magnetite-rich rocks at Konkola occur in Area A at a depth of ca. 200-350 m within a 
stratiform breccia within Upper Roan Subgroup directly below its contact with the overlying 
Mwashya Subgroup.  Drill data indicate that magnetite-bearing rocks occur sporadically over a 
roughly 1 km W-NW trend that corresponds to the location of a syn-sedimentary fault in the 
Kitwe Formation that is associated with enhanced copper grades (J. Woodhead, pers. commun., 
2015).  The iron-rich zone ranges from <0.5 to 20 m in thickness.  While the iron occurrence is 
predominantly composed of magnetite, it shifts to a hematite dominant assemblage over a small 
N-NE-trending anticline that is spatially associated with a decrease in copper grades. 
A large stratiform polymictic breccia in area A overlies scapolite-bearing dolomitic 
siltstones and silty dolomites of Upper Roan Subgroup (locally termed Bancroft Dolomite 
Formation; Sweeney et al., 1989) that are interbedded with feldspathic to pelitic sandstones.  
Overlying the breccia are scapolite-bearing grey-blue silty dolostones of the Mwashya Subgroup, 
which grade upward into more argillaceous and carbonaceous rocks.  Gabbroic rocks occur 
within the Mwashya Subgroup siltstones and within the breccia in Area A (Broughton, 2014).  
Outside of the iron oxide-mineralized zone, the breccia has angular to rounded clasts of 
carbonate rocks with lesser siltstone and sandstone that range in size from less than a centimeter 
to tens of meters in diameter.   
In the magnetite mineralized body, the matrix of the breccia is extremely texturally 
variable even within a single thin section.  Mineral grains in the matrix range from very fine-
grained to coarse-grained and nearly equigranular to seriate; grains display polygonal to 
amoeboid textures.  Minerals in the matrix include dolomite, calcite, quartz, magnetite, hematite, 





Dolomite and calcite grains are subhedral to anhedral (<10 μm to >3 mm), typically with 
abundant patches of goethite indicating weak supergene alteration. Quartz can occur as 
polygonal grain aggregates interstitial to carbonate mineral grains.  Quartz commonly has 
inclusions of carbonate, hematite, and magnetite.  Magnetite typically occurs as anhedral to 
euhedral grains (≤0.3 mm).  Millimeter scale anastomosing bands of magnetite can occur within 
the breccia matrix; they may rim angular fragments in the breccia.  Talc grains (<5 μm-0.2 mm) 
typically occur as randomly oriented or radial blades (<20 μm) that are commonly intergrown 
with quartz.  Biotite may be equant or occur as laths up to 0.7 mm in diameter.  Muscovite 
occurs as randomly oriented subhedral laths (<1 mm). Talc occasionally rims and embays 
muscovite.  Scapolite occurs as euhedral to anhedral grains (<0.9 mm) that may be replaced by 
quartz or partially altered to clay.  Euhedral pyrite grains (40 μm to 1 mm) are typically rimmed 
by quartz.  Pyrite overgrew martite grains and may contain inclusions of anhedral chalcopyrite 
(<50 µm), hematite (<5 µm), and quartz (<50 µm) indicating that sulfides were precipitated after 
magnetite mineralization and martitization (Fig. 3-5H).  Goethite occurs along chlorite, 
carbonate, talc, and quartz grain boundaries and is likely attributable to supergene weathering.  
Crush leach data from dolomite in the matrix of the breccia in Area A had Na/Cl ratios 
>1 and a distinctive Na-SO4-HCO3-Cl signature indicating the dolomite was precipitated in the 
presence of fluids derived from dissolution of halite and non-halite evaporites (Broughton, 
2014).   
Within the magnetite-mineralized zone at Konkola the breccia is both clast- and matrix-
supported (Fig. 3-5A).  Clasts range from mm to cm in diameter and are typically angular, but 
may be rounded.  Clasts consist of dolostone and dolosiltstone that may display nodular textures 

















Figure 3-5: Images of rocks from the magnetite-mineralized zone in Upper Roan Subgroup 
breccia at Konkola Area A.  (A) Dolomite clasts and zones of massive and banded magnetite 
within breccia.  Down hole direction is from upper left to lower right.  KN169, 325.9-331.6 m.  
(B) Brecciated dolomite with vugs and talc after scapolite and discordant magnetite-martite 
bands in a carbonate-goethite matrix.  KN169, 329.25-329.4 m.  (C) Gently folded and locally 
microfaulted banded magnetite fragments in a dolomitic breccia matrix.  KN169, 327.85-328 m.  
(D) Banded magnetite/martite-carbonate-quartz rock within a matrix of ferroan carbonate, 
quartz, goethite with trace talc and scapolite. KN169, 326.85-227 m.  (E) Vuggy magnetite-
hematite-quartz rock, with quartz and pyrite in vugs, that preserves a faint breccia texture.  
KN169, 331.7-331.8 m.  (F)  Backscatter electron image of banded magnetite showing 
disseminated apatite grains   KN169, 328 m.  (G) Plane-polarized photomicrograph of scapolite 
grain altering to talc and clay within a magnetite-martite band in dolomite.  Magnetite partially 
rims and occurs along cleavage plains within scapolite grains.  KN169, 329.3 m.  (H) Reflected 
light photomicrograph of a pyrite grain with chalcopyrite inclusions. The image also shows 
quartz grains and magnetite grains some of which have been converted to martite. KN169, 331.7 
m. Abbreviations: ap=apatite, cpy=chalcopyrite, cly=clay, dol=dolomite, gt=goethite, 















laminations in dolostones may crosscut, be crosscut by, or truncate into calcite-dolomite veins.  
Dolomitic rocks contain discrete beds with scapolite or vugs after scapolite (Fig. 3-5B).  Clasts 
display gentle to open folds, microfaults, and veining that grades into textures resembling 
incipient brecciation. 
Magnetite rich zones are composed of massive magnetite and banded magnetite-
calcite/dolomite-quartz rocks (Fig. 3-5D) that may be intact or occur as fragments in the breccia 
(Fig. 3-5C).  Faint breccia textures observed in nearly massive magnetite, suggesting that some 
magnetite replaced the breccia (Fig. 3-5E). Modal and textural bands are dominated by either 
magnetite or carbonate minerals. 
Magnetite in massive and banded zones occurs as anhedral to subhedral grains (10 μm to 
200 μm) and grain aggregates (Fig. 3-5F).  Magnetite is commonly altered to hematite (martite).  
Magnetite bands contain minor dolomite, quartz, and apatite with trace scapolite and talc. Apatite 
occurs as subhedral polygonal grains (<100 μm), which share straight grain boundaries with 
magnetite (Fig. 3-5F).  
Carbonate bands contain dolomite, calcite, and quartz. Minerals in these bands tend to be 
equigranular, but dramatic grain size variations occur between bands.  Minerals are subhedral 
(<10 μm to 1 mm) and display polygonal grain boundaries (Fig. 3-5G). Larger carbonate and 
quartz grains are commonly elongate parallel to banding. Scanning electron microscope analyses 
indicate both calcite and dolomite can be slightly ferroan or manganoan in composition. 
Scapolite grains (0.2 to 1 mm) replace fine-grained carbonate minerals.  In places magnetite 
grew along cleavage planes in the scapolite (Fig. 3-5G) but scapolite may also partially or 
completely rim magnetite, indicating alternating scapolite and magnetite mineralization.  





removed leading to the formation of vugs. Talc pseudomorphs after scapolite may contain stubby 
chlorite inclusions (ca. 7 μm).  
Petrographic evidence indicates that the magnetite in the Konkola ironstone is largely 
replacive.  Magnetite mineralization alternated with scapolite mineralization.  Some hematite 
(martite) is clearly early as indicated by hematite inclusions in pyrite, while other hematite is 
probably the result of recent supergene alteration.  Goethite is interpreted to be the product of 
supergene alteration.  
3.4.3 Kasumbalesa Iron Deposit 
The Kasumbalesa hematite deposit is located on the eastern side of the city of 
Kasumbalesa along the Zambia-DRC border, <10 km northeast of the Konkola deposit (Fig. 3-
6).  The Zambian portion of the deposit has measured reserves of 9.5 million short tons at 48% 
Fe, 20.7% SiO2, and 0.025% P; it is open at depth (Stohl, 1966). It occurs on the northern limb of 
the Muliashi syncline along the Luina Dome (Fig. 3-6) the margins of which contain several 
copper prospects. No samples or drill core from Kasumbalesa were obtained for this study.  The 
following description is a summary of the descriptions by Stohl (1969) and Bala-Bala and Madi-
Lugali (1979). 
The Kasumbalesa iron deposit straddles the Zambia-DRC border along the southwestern 
flank of the Luina Dome (Bala-Bala and Madi-Lugali, 1979).  Lenticular hematite bodies occur 
at two stratigraphic horizons within a ca. 150 m thick package of conglomerate and arkosic 
sandstone that overlie basement rocks (Fig. 3-7) (Stohl, 1969; Bala-Bala and Madi-Lugali, 
1979).  Stohl (1969) and Bala-Bala and Madi-Lugali (1979) assigned these rocks to the lower 
Roan Group based on their lithology.  However, these iron rich rocks appear to be overlain by 






Figure 3-6: Generalized geologic map showing the location of the Kasumbalesa iron deposit on 
the margins of the Luina dome. Map is modified from Woodhead (2013).  
there is a significant unconformity beneath the Grand Conglomérat Formation at this location or 
that the Roan Group section at this location is condensed and that rocks of Mwashya Subgroup 
age here are lithologically similar to rocks of the Lower Roan Group, a situation similar to that at 
the nearby Kisenda deposit (Fig. 3-6; Hitzman, pers. commun., 2016) and the Kamoa deposit 
(Schmandt et al., 2013).  The apparent presence of a fault cutting the sedimentary rocks hosting 
the iron oxides but not the overlying Grand Conglomérat Formation and purported angular 
nature of this contact (Stohl, 1969) would suggest the presence of a major unconformity. 
The available evidence suggests that the lenticular iron oxide bodies are not conformable 
with stratification in the host rocks (Bala-Bala and Madi-Lugali, 1979). A lower 30 m thick iron-
bearing horizon is described as an intraformational conglomerate containing beds with 1-10 cm 
‘pellets’ of ferruginous quartzite in a non-ferruginous arkosic sandstone matrix. Above the 
pellet-bearing conglomerate is a massive conglomerate with gritty matrix and hematite 
cement that is overlain by a ferruginous coarse-grained sandstone (Stohl, 1969). An upper 






Figure 3-7: Stratigraphic column of the Kasumbalesa iron ore deposit based on field mapping 
and drill data.  Note thicknesses are given in feet. Figure is revised from Stohl (1969).  
and thin laminae of massive hematite.  The upper horizon has a strike length of ca. 4 km (Bala-
Bala and Madi-Lugali, 1979) and an average true thickness of 3.67 m (Stohl, 1969).   
Hematite at Kasumbalesa occurs as subhedral to anhedral, very-fine grains that 
commonly form aggregates.  Fine- to medium-grained quartz, kaolinized feldspar, and mixed 
muscovite-sericite, which were interpreted as detrital components, occur as lenticules within the 
hematite (Stohl, 1969). Minor amphibole, magnetite, epidote, rutile, and dolomite present in the 
rocks were also interpreted as detrital (Bala-Bala and Madi-Lugali, 1979) though it is likely 
some of these minerals grew in-situ during metamorphism.  





(Stohl, 1969).  The veins do not appear to penetrate the Grand Conglomérat Formation however 
and clasts of these veins were observed within the Grand Conglomérat Formation (Stohl, 1969) 
suggesting that veining occurred prior to deposition of the Grand Conglomérat Formation. Clasts 
of hematite, up to 1.8 m in diameter, are also present within the basal unit of the Grand 
Conglomérat Formation demonstrating that iron mineralization occurred prior to the deposition 
of the Grand Conglomérat Formation (Stohl, 1969).   
The presence of an intraformational conglomerate with hematite “pellets” suggests that 
hematite was deposited as a chemical sediment or that hematite replacement occurred at shallow 
depths within the sediment column.  The apparently disconformable nature of the hematite-
bearing horizons suggests a hydrothermal origin. 
3.4.4 Kipushi East Copper Prospect 
Kipushi East is a copper prospect 10 km southeast of the world class Kipushi Cu-Zn mine 
in the DRC.  At Kipushi East, chalcopyrite and iron oxide minerals occur within a pyritic 
siltstone unit of the Dipeta Subgroup along the crest of a breccia-cored anticline that is 
interpreted as a former salt diapir (Fig. 3-8 to Fig. 3-10).  The prospect occurs near a flexure in 
the anticline coincident with a large NE-trending magnetic lineament, likely a fault.  The 
Katangan Supergroup sediments at Kipushi East have been metamorphosed to lower greenschist 
facies.  
The breccia at Kipushi East is a polymictic, matrix supported breccia (Appendix K). 
Clasts are composed of dolostone, siltstone, and a heavily chloritized rock interpreted as gabbro. 
Clasts range from mm to ca. 30 m in diameter.  The breccia matrix is composed of dolomite, 
quartz, chlorite, K feldspar, clays, and specular hematite.   













Figure 3-9: Stratigraphic section for the Kipushi East prospect based on drill data. The 
stratigraphic location of magnetite- and chalcopyrite-mineralized zones in the Dipeta Subgroup 






Figure 3-10: Cross-section A-A’ looking northeast through Kipushi East prospect. Section is 
defined by drill data and shows the occurrence of magnetite and chalcopyrite along the crest of 
the breccia-cored anticline.  Inferred contacts are dashed. Location of the section is displayed in 
Figure 3-8. 
nodular textures, quartz pseudomorphs after swallowtail gypsum, and wavy, concentric, and 
planar laminations suggesting the sediments were deposited in a supratidal evaporitic to shallow 
subtidal environment.  A pyritic dolosiltstone layer near the base of the sequence appears to 
represent a flooding surface. The carbonate-rich sequence, which is thought to be 
stratigraphically equivalent to the Dipeta Subgroup of the Roan Group is overlain by siltstones, 
shales, and dolostones of the Mwashya Subgroup.  The Grand Conglomérat Formation of the 
Nguba Group is the stratigraphically highest unit present at the prospect.  
A massive white dolostone composed of dolomite and talc rims the polymict breccia and 
is interpreted as a cap rock formed by biochemical reactions on the edge of a salt dome (Feely 
and Kulp, 1957; Saunders and Swann, 1994; Warren, 2006) (Appendix K).  
The extent of the iron occurrence is defined by a 5 x 3 km apparently stratabound 
magnetic anomaly.  Drill data demonstrates that magnetic anomaly results from the presence of 





the pyritic siltstone unit (Fig. 3-11K).   The magnetite-bearing interval is typically 10 cm to <10 
m thick with a maximum thickness of 14.4 m; the thickness of the magnetite-bearing interval 
appears variable over short lateral distances (Fig. 3-10; Appendix I,J).  In polished thin section 
subhedral (Fig. 3-11E) to euhedral (≤0.3 mm) (Fig. 3-11D) magnetite is seen to have overgrown 
fine-grained hematite (<30 μm).  Magnetite grains may form aggregates that coalesce into semi-
massive to massive bands (Fig. 3-11K).   
Anhedral K feldspar (<2 mm) grains overgrew fine-grained alkali-feldspar and quartz grains in 
the pyritic siltstone unit.  Subhedral muscovite grains (<0.3 mm) subsequently replaced K 
feldspar grains and overgrew quartz and pyrite grains (Fig. 3-11I).  Seemingly coeval pyrite 
grains (typically 50 to 400 μm) and grain aggregates rim magnetite.  These relationships suggest 
a potassic alteration event associated with pyrite mineralization post dated iron oxide 
mineralization.  K feldspar and biotite formed during potassic alteration were later altered to 
chlorite (<5μm), which is evidence for a subsequent magnesian alteration event (Fig. 3-11G). 
Quartz with inclusions of hematite (<5μm) rims or crosscuts dolomite, magnetite, specular 
hematite (Fig. 3-11J), muscovite, and biotite grains (Fig. 3-11H).  Chalcopyrite rimmed and 
replaced magnetite and pyrite (Fig. 3-11F) and locally overgrew quartz in the pyritic siltstone.  
Chalcopyrite occurs in bedding parallel layers (Fig. 3-11H), nodules (Fig. 3-11B), massive 
replacement, stringers, and within veins (Fig. 3-11A). Carbonate veins that crosscut the 
magnetite- and pyrite-mineralized interval contain pyrite and chalcopyrite, but lack magnetite. 
Specular hematite is also locally present in laminated dolostones interlayered with pyritic 
siltstone. The specular hematite forms laths up to 2 cm in length that crosscut bedding or banding 
(Fig. 3-11J).  In some instances, specular hematite laths were altered to mushketovite (magnetite 














Figure 3-11: Images of magnetite-mineralized rocks in the Dipeta Subgroup at Kipushi East.  (A) 
Massive pyrite that forms apparent selvages to dolomite-quartz veins that cut magnetite-
hematite-dolomite rock within the pyritic siltstone unit.  KED09, 214 m.  (B) Banded magnetite 
and pyrite layers in the pyritic siltstone unit that contain minor clots of late chalcopyrite.  
KED09, 199.4 m.  (C) Granular magnetite and mushketovite laths in laminated dolostones within 
the pyritic siltstone unit. The iron oxides are overgrown by minor amounts of pyrite.  KED09, 
207.8 m.  (D) Reflected light photomicrograph of a euhedral magnetite grain that overgrew very 
fine-grained hematite in dolostone within the pyritic silstone unit.  KED20, 148.4 5 m.  (E) 
Reflected light photomicrograph of subhedral magnetite rimming hematite grains in dolostone of 
the pyritic siltstone unit.  KED20, 147.5 m.  (F) Reflected light photomicrograph of pyrite and 
magnetite grains overgrown by chalcopyrite in the pyritic siltstone unit.  KED13, 276 m.  (G) 
FE-SEM image of K feldspar replaced by very fine-grained chlorite in the pyritic siltstone unit.  
KED13, 276 m.  (H) QEMSCAN® image of pyritic siltstone showing K feldspar replaced by 
muscovite.  The muscovite also overgrew quartz and pyrite.  KED03, 113 m. (I)  Close up of 
(H).  (J) QEMSCAN® image of specular hematite laths crosscutting dolomite within a laminated 
dolostone layer in the pyritic siltstone unit. The specular hematite is enclosed by quartz that 
appears to replace dolomite.  KED09, 205.2 m.  (K) QEMSCAN® image of banded magnetite-
dolomite from the pyritic siltstone unit with nodules of quartz, poikilitic grains of K feldspar, and 
disseminated and vein-hosted pyrite.  KED20, 148.4 m. Abbreviations: chl=chlorite, 











in the carbonate rocks due to the absence of argillaceous material.  Magnesian alteration of these 
rocks resulted in the formation of a magnesite-dolomite-phlogopite-talc mineral assemblage.   
In the polymict breccia potassic alteration may have been responsible for the formation of 
muscovite.  Magnesian alteration of the polymict breccia formed chlorite in the breccia matrix 
and pervasive chloritization of clasts within the breccia (Appendix K).  A late silicification event 
in the breccia resulted in replacement of dolomite-rich clasts by quartz and minor hematite. 
Chalcopyrite rims pyrite grains in the breccia matrix (Appendix K). 
The observed textures and the geometry of the iron-mineralized body demonstrates that it 
was formed by replacement related to the movement of hydrothermal fluids.  Petrographic data 
from Kipushi East indicates that the early iron oxide-mineralizing event was followed 
successively by potassic and magnesian alteration events and late silica-iron and copper 
mineralizing event (Fig. 3-12).  Copper mineralization was spatially associated with zones 
containing magnetite and pyrite that seemingly occur along a fault controlled flexure in the 
diapir.  This suggests that these alteration and mineralizing events utilized similar flow paths 
along the edge of the salt diapir.  The presence of chalcopyrite in the polylithic breccia suggests 
that copper-mineralizing fluids migrated through partially dissolved evaporites (Appendix K).  
3.4.5 Kabolela Copper Deposit 
Specular hematite- and jasper-bearing rocks in the area of the Kabolela deposit occur 
within dark shales of the lower Mwashya Subgroup adjacent to a major regional NW-trending 
diapiric structure.  The Kabolela deposit is 12 km southeast of the town of Kakanda and 12 km 
northwest of Kambove in the DRC.  Pre-mining, the Kabolela deposits combined contained 11.6 
Mt of ore at 2.31% Cu and 0.5% Co (Taylor et al., 2010).  The Kabolela deposit is hosted in 







Figure 3-12: Paragentic sequence of minerals at the Kipushi East prospect.  
 
Zone (Fig. 3-13). 
In pit exposures, the iron-bearing horizon appears continuous and stratiform (H. Twigg., 
pers. commun., 2017).  The iron-bearing rocks have an assemblage of specular hematite, quartz, 
K feldspar, and Mg-chlorite.  Iron oxide minerals occur as bands (Fig. 3-14A), in veins (Fig. 3-
14B), or within jaspillites (Fig. 3-14C). 
Banded hematite displays slightly undulating, conformable 0.2 to 2 mm thick bands of 
specular hematite and K feldspar-Mg chlorite (Fig. 3-14E).  Individual specular hematite grains 
are typically <15 μm in length and are typically intergrown to form massive to semi-massive 
bands.  Specular hematite is locally replaced or overgrown by supergene goethite.  In bands 







Figure 3-13: Geologic map of part of the Congolese Copperbelt showing the location of the 
Kabolela deposit, Bangwe deposit, Mukundo deposit, and Mulenga prospect, as well as the 
location of the Kakanda-Luisha Fault Zone and Kakanda Lineament. The Roan Group breccias 
were originally mapped as undifferentiated Lower Roan Group (pale light blue). Figure is 
modified from Francois (1974). 
contain inclusions of Mg-chlorite (Fig. 3-14F).  Anhedral Mg-chlorite grains (<100 μm) occur as 
radial aggregates. Specular hematite in these bands occurs as subrounded to subangular 
aggregate grains (≤100 μm) or as <1-20 μm inclusions in K feldspar and chlorite.  These bands 
may also contain minor 5 μm to 30 μm in diameter quartz grains.   
Specular hematite-Mg chlorite-K-feldspar veins crosscut the banded rocks and hematitic 
siltstones.  In veins, randomly oriented specular hematite grains can be up to 0.5 mm in length, 






Figure 3-14: Images of iron oxide-mineralized rocks in the Mwashya Subgroup adjacent to the 
Kabolela Deposit. (A) Banded specular hematite-K feldspar-Mg-chlorite rock.  (B) Specular 
hematite-K feldspar-chlorite veinlets cutting reddish (hematitic) siltstone of the Mwashya 
Subgroup.  (C) Vuggy jaspillite cut by quartz veins.  (D) Backscatter electron image of banded 
specular hematite-chlorite-K feldspar rock showing a dominantly specular hematite bands and a 
band of K feldspar and chlorite containing laths of specular hematite. (E) Backscatter electron 
image of a K feldspar-chlorite band showing K feldspar embaying and overgrowing chlorite. (F) 
Backscatter electron image of a pyrite grain in quartz veinlet in jaspillite that is rimmed by 
crustiform goethite with barite.  Abbreviations: ba=barite, chl=chlorite, gt=goethite, 






margins of the veins, while K feldspar is more abundant in vein centers.  Lesser anhedral quartz 
is present in specularite rich veins.  Locally, abundant centimeter scale specularite veins with 
hematitic siltstone fragments form a matrix supported breccia (Fig. 3-14C).  
The jaspillite is composed of mottled jasper that is crosscut by stockwork quartz veinlets 
(Fig. 3-14C).  Subhedral to euhedral hematite grains (≤60 μm) are disseminated within the jasper 
at or near the contact with stockwork quartz veins (Fig. 3-14D).  Trace anhedral pyrite, 
commonly rimmed by quartz occurs along the margins of the veinlets.  Rare barite is found 
adjacent to pyrite. Crustiform goethite rims and replaces pyrite grains and precipitated in voids 
(Fig. 3-14D). These textures suggest a supergene origin for the goethite.  Druzzy quartz and 
botryoidal hematite infill vugs in the jaspillite and were also probably formed during weathering.  
The abundant veining and textures and minerology atypical of a sedimentary iron 
deposits suggest the iron occurrence formed by hydrothermal processes.  The intergrowth of 
specular hematite with K feldspar and Mg-chlorite suggests iron oxide mineralization was 
associated with a potassic-magnesian alteration event. 
3.4.6 Bangwe Copper Deposit 
The iron occurrence at Bangwe consists of specularite-bearing rocks in the lower portion 
of the Mwashya Subgroup along the brecciated margin of the Kakanda Diapir.  The Bangwe 
deposit sits northwest of the town of Kakanda in the DRC (Fig. 3-1, Fig. 3-13).  Pre-mining, the 
Bangwe deposit contained 240 kt of ore at 4.3% Cu (Taylor et al., 2010).  The copper deposit is 
hosted within megaclasts of the Mines Subgroup within the Kakanda Diapir where it intersects 
the Kakanda lineament (Fig. 3-13). Mwashya Subgroup rocks adjacent to the diapir at Bangwe 
dip to the north (ca. 45-90°). The Mwashya Subgroup sequence appears to be overturned on the 





In pit exposures, the iron-bearing rocks form semi-continuous layers within highly 
weathered Mwashya Subgroup siltstones (H. Twigg, pers. commun., 2016). In drill core, the 
iron-mineralized rocks occur through a ca. 35 m stratigraphic interval.  Irregular, massive 
hematite zones up to 10 cm thick are present within highly weathered breccia, siltstone, and 
dolostone (Fig. 3-15A).  Fragments of dolomite may be present within massive hematite zones.  
The sample analyzed in this study was taken from the south side of the open pit (Fig. 3-
15B).  It has an assemblage of specular hematite, quartz, and chlorite with trace pyrite and 
abundant supergene goethite (Fig. 3-15C).  Specular hematite, quartz, and chlorite define a 
poorly developed modal banding.  Randomly oriented specular hematite grains (typically <1 µm, 
but up to 50 µm) are intergrown and form aggregate grains. Several grains of hematite up to 0.9 
mm in diameter display a euhedral magnetite habit indicating that magnetite was also originally 
present. Chlorite occurs as radial aggregates with individual grains up to 0.5 mm in length in 
some bands. SEM analyses show some chlorite grains contain alternating iron- and magnesium-
rich zones and many contain an iron rich core (Fig. 3-15D).  Anhedral quartz grains ranging in 
diameter from 50 to 500 µm are disseminated and occur in discrete bands.  Quartz bands 
commonly contain anhedral, typically sub-spherical pyrite grains (<10 µm).   
Textures observed in drill core at Bangwe strongly suggest that hematite and magnetite 
selectively replaced Mwashya Subgroup siltstones and dolostones and breccia.  Textures suggest 
that specular hematite was precipitated first and then overgrown by magnetite.  The timing of 
magnetite conversion to martite is unconstrained.  Chlorite (magnesian alteration) appears to 
have grown after most iron oxide mineral precipitation.  Supergene alteration during weathering 
resulted in replacement of hematite and magnetite by goethite and the formation of vugs and 







Figure 3-15: Images of iron oxide-rich rocks in the Mwashya Subgroup near the Bangwe deposit. 
(A) Highly weathered, buff colored breccia containing a zone of massive specularite. (B) 
Weathered specular hematite rock containing chlorite and quartz.  The hematite has largely been 
weathered to vuggy goethite. (C) Reflected light photomicrograph of B showing chlorite fans 
and irregular zones of anhedral quartz in poorly defined bands within specularite. (D) 
Backscatter image of B showing alternating Mg and Fe rich zones in chlorite.  The chlorite 
contains specular hematite inclusions and specular hematite weathered to goethite occurs along 
fractures cutting chlorite. Abbreviations: chl=chlorite, gt=goethite, hm=hematite, qtz=quartz.  
3.4.7 Mukondo Copper Deposit 
Specular hematite rich rocks that cut lower Mwashya Subgroup rock were intersected in a 
drill core north of the Mukondo deposit.  The Mukondo mine is located approximately 5 km west 





Diapir (Fig. 3-13).  Pre-mining, the Mukondo deposit contained 36.2 Mt of ore at 2% copper and 
1.4% cobalt (Taylor et al., 2010).  
Three specular hematite bearing horizons, 0.95 to 3.65 m thick, were intersected over a 
140 m interval in drill hole MKND159 to the north of the deposit.  The stratigraphic interval 
containing the iron oxides occurs within weathered siltstones and dolostones of the Mwashya 
Subgroup several tens of meters above its contact with the underlying Dipeta Subgroup. The 
interval also contains 3 to 20 m thick horizons of monomict and polymict breccias (H. Twigg, 
pers. commun., 2017) that probably represent stratabound halokinetic breccia derived from the 
Kakanda Diapir as well as collapse breccias formed during weathering. The thickest iron-bearing 
horizon directly overlays a polymictic breccia that is interpreted to have a halokinetic origin. The 
spatial extent and geometry of the iron-bearing rocks at Mukondo remains unknown due to 
limited drill data.  
 The iron-bearing rocks display massive (Fig. 3-16A), banded (Fig. 3-16B) and nodular 
textures (Fig. 3-16C).  They contain a mineral assemblage of specular hematite, dolomite, and 
quartz with minor phlogopite and K feldspar. Massive hematite zones contain both subhedral 
granular hematite grains up to 0.2 mm in diameter and specular hematite laths generally less than 
50 µm in length; specular hematite laths may be overgrown by granular hematite. They also 
contain disseminated clots of anhedral polygonal to interlobate quartz (<0.2 mm) and randomly 
oriented to radial subhedral laths of phlogopite (<4 µm-0.3 mm) (Fig. 3-16D).  Quartz and 
specular hematite (<50 µm) veins cross cut the massive specularite rock. 
Banded iron-bearing rocks consist of millimeter-thick bands of granular and specular 
hematite alternating with bands of dolomicrite with a grain size of typically <2 µm in diameter 






Figure 3-16: Images of hematite-rich rocks in the Mwashya Subgroup adjacent to the Mukondo 
deposit.  (A) Massive specular hematite rock cut by quartz-hematite veins. MKND159, 134.3 m.   
(B) Banded specular hematite-dolomicrite with nodules of coarser-grained dolomite, quartz, and 
goethite pseudomorphs after carbonate.  MKND159, 15.05 m.  (C) Irregular zones of dolomite 
(“nodular” texture) in specularite.  MKND159, 188.3 m.  (D) Cross polarized photomicrograph 
of phlogopite within specularite from a sample of massive specular hematite rock. MKND159, 
134.3 m. (E) Backscatter electron image of C showing dolomite nodule in a specularite matrix 
that contains specularite, K feldspar, and phlogopite inclusions. Red box indicates location of 
image F.  MKND159, 188.3 m.  (F) Close up of E showing anhedral K feldspar and phlogopite 
in course-grained dolomite. Abbreviations: ba=barite, chl=chlorite, dol=dolomite, gt=goethite, 






Nodular iron oxide-rich rocks display irregularly shaped to subrounded zones of dolomite within 
specularite (Fig. 3-16C).  The dolomite zones contain anhedral ferroan and manganoan 
dolomite grains that are generally less than 1 mm in diameter. Dolomite grains may contain 
abundant specular hematite inclusions (Fig. 3-16E).  The dolomite zones also contain minor 
anhedral K feldspar and phlogopite with specular hematite inclusions (Fig. 3-16F).  Dolomite 
locally appears to embay and replace K-feldspar. Trace anhedral barite also occurs in the 
dolomite nodules.  
Much of the hematite in the samples studied has been converted to goethite, presumably 
during weathering. Goethite also replaces some ferroan carbonate grains (Fig. 3-16A).  Textures 
of the hematite in these rocks indicate it formed by replacement of the host rock.  It is unclear if 
the location of the thickest iron oxide-rich layers adjacent to the polylithic breccia indicates a 
genetic relationship between iron oxide mineralization and halokinesis. 
3.4.8 Mulenga Copper Prospect 
 The iron occurrence at the Mulenga prospect consists of a thin bed of jaspillite in 
dolomitic shales of the Mwashya Subgroup.  The Mulenga copper prospect occurs 75 km west of 
the town of Likasi and 65 km southeast of the town of Kolwezi in the DRC.  It is located just 
southeast of the Menda Diapir, which hosts the Menda Central nickel prospect (Fig. 3-13; Ball, 
2015).  At Mulenga, chalcopyrite occurs along a high angle NW-trending structure, potentially a 
salt weld, within dolomites, dolomitic shale, and dolomitic sandstone of the Mwashya Subgroup 
(H. Twigg, pers. commun., 2016).  Rocks young away from this structure in both directions, 
giving the appearance of a steep limbed anticline.  Adjacent to the structure, polymictic breccias 
are intercalated with Mwashya Subgroup rocks; they probably represent a series of bedding-





 The jaspillite bed (6 cm) is visually distinct from the surrounding dolomitic shales (Fig. 
3-17A), but assay data taken over a 1 m interval across the jaspillite-bearing interval showed no 
significant enrichment in Fe, Mn, or P.  Jaspillite was only intersected in a single drill core 
suggesting it is not laterally extensive.  Modal variations in the amount of cryptocrystalline 
hematite defines banding in the jaspillite.  Sets of very thin (<10 µm) wispy bands make up 
larger bands (1-10 mm) that are planar and conformable (Fig. 3-17B).  Banding is conformable 
with bedding in the dolomitic shales.  The banded jaspillite is cut by at least three generations of 
quartz-carbonate-pyrite veins that range from 10 µm to 1 cm thick.  Subhedral to euhedral 
dolomite grains (<10 µm-3.5 mm) are disseminated within the jaspillite (Fig. 3-17C); some 
dolomite grains contain inclusions of jasper.  Predominantly euhedral pyrite grains (1 µm-1 mm) 
are disseminated throughout the jaspillite and may also contain inclusions of jasper (Fig. 3-17D).  
Pyrite and carbonate grains increase in size and abundance near veins.  Trace subhedral chlorite 
(<20 µm) is disseminated within the jasper but does not appear to be spatially related to veining.  
The chlorite contains inclusions of cryptocrystalline quartz and partially rims pyrite grains 
suggesting it may postdate pyrite precipitation (Fig. 3-17E).  Near veins pure cryptocrystalline 
quartz occurs as pseudomorphs after an unknown tetragonal mineral.  The jaspillite appears to 
represent a bed suggesting it formed as a sediment.  
3.4.9 Kamoa Copper Deposit 
 Unlike the other iron occurrences described in this study, the iron at Kamoa occurs as 
pyrite.  However, the stratigraphic position of this concentration of pyrite at the base of the 
Grand Conglomerat Formation, similar to the position of a number of iron oxide occurrences in 
the Katangan Supergroup succession of the CACB, makes its inclusion in this study important.  






Figure 3-17: Images of jaspillite at the Mulenga Prospect. (A) Banded jaspillite occurs as a bed 
within dolomitic shales of the Mwashya Subgroup.  MULD15, 208.8-212.2 m. (B) Modal 
banded jaspillite crosscut by dolomite-quartz-pyrite veins.  Note that the band sets are 
particularly well developed at the top of the sample.  MULD15, 209.37 m. (C) Plane-polarized 
photomicrograph of disseminated subhedral to euhedral pyrite and carbonate grains in jasper.  
MULD15, 209.37 m. (D) Plane-polarized photomicrograph of the contact between the jasper and 
a quartz-dolomite vein.  MULD15, 209.37 m.  (E) Reflected light photomicrograph of 
disseminated pyrite and an anhedral chlorite grain in jasper.  MULD15, 209.37 m.    Subhedral 







of the town of Kolwezi in the DRC (Fig. 3-1).  The Kamoa project (including the Kakula 
discovery) has an indicated resource of 944 Mt of 2.83% copper at 1% copper cutoff over a 
minimum of 3 m (Peters et al., 2017).  The indicated resource area covers over 55.1 km2 and a 
significant portion of the deposit remains open (Peters et al., 2017).  The deposit occurs on the 
western edge of the Congolese Katangan basin, just west of a significant NNE-trending structure 
that separates deformed evaporite-associated rocks in the east from a weakly folded condensed 
section of siliciclastic Roan Group rock in the west (Key et al., 2001; Schmandt et al., 2013).  At 
Kamoa, a series of NNE-trending domes expose hematite-bearing Mwashya Subgroup 
sandstones and siltstones.  Dark grey to dark green colored Grand Conglomérat Formation 
diamictites and siltstones dip away at ca. 0-20° from the domes (Peters et al., 2017). Isopach 
maps of the Grand Conglomérat Formation show thickness variations that are independent of the 
dome features (Peters et al., 2017), indicating the domes postdate deposition.  Thickness 
variations across some faults indicate they were active during sedimentation (Schmandt, 2013; 
Peters et al., 2017). 
Copper mineralization occurred along the lowest major redox boundary, which is 
generally the contact between the Mwashya Subgroup and Grand Conglomérat Formation 
(Schmandt et al., 2013; Peters, 2017; D. Broughton, pers. commun., 2017).  The deposit contains 
chalcopyrite, bornite, and chalcocite. 
The Mwashya Subgroup consists of predominantly pink to grey silty arkosic greywacke 
(Schmandt et al., 2013).  Pillow breccias, hyaloclastite breccias, and basaltic flows occur in the 
northwest portion of the project area within the Mwashya Subgroup and at the base of the Grand 
Conglomérat Formation (Schmandt et al., 2013; D. Broughton pers. commun., 2017). 





interbedded with discontinuous lithic greywacke lenses and commonly pyritic siltstone beds.  
Diamictites contain clasts of quartzite, quart-mica schist, argillaceous dolostone, gabbro, basalt, 
greywacke, siltstone, and diamictite in a clay to silt matrix composed of quartz, chlorite, 
plagioclase, K feldspar, muscovite, biotite, and calcite with minor ankerite tourmaline, rutile, 
apatite, and pyrite (Schmandt et al., 2013).  Dropstones in the diamictites and siltstone indicate 
deposition in a glacial environment (Schmandt et al., 2013).   
The dominant iron-bearing units at Kamoa are the two stratigraphically lowermost 
laminated pyritic siltstone units that occur towards the base of the diamictite package (Fig. 3-
18A).  These units range in thickness from 2 to >50 m thick (Peters et al., 2017).  The upper 
laminated pyritic siltstone is continuous over nearly the entire project area (400 km2), except for 
areas where it was removed by erosion (Peters et al., 2017).  The lower pyritic siltstone has a 
more discontinuous distribution (Peters et al., 2017). 
The laminated pyritic siltstones are composed primarily of micas and quartz. They were likely 
originally composed of clay and micron-scale grains of detrital quartz, feldspar, mica, and 
carbonate minerals.  Sub-rounded, likely detrital grains of quartz, K feldspar, and carbonate 
minerals (<30 µm) are present in courser grained beds. Individual beds within the siltstone units 
laminations.  Beds may be normally or inversely graded and may contain asymmetric to 
symmetric ripples.  They are locally interbedded with millimeter- to centimeter-thick sandstone, 
conglomerate, and diamictite beds.   
Pyrite content is usually higher in the upper laminated pyritic siltstone that typically 
contains 15-30% pyrite (Peters et al., 2017) but locally has >60% pyrite (Schmandt et al., 2013) 
(Fig. 3-18B). Pyrite is concentrated in distinct centimeter scale layers and may be uniform in 






Figure 3-18:  Images of pyrite in the pyritic siltstone units within in the Grand Conglomérat at 
Kamoa.  The images are from Schmandt (2013). (A) Drill core with secondary and framboidal 
pyrite mimicking sedimentary structures (ripples, cross-stratification, grading).  In this 
photograph, the lighter colored layers contain abundant pyrite. DDH145, 530 m. (B) Reflected 
photomicrograph illustrating pyrite framboids that are generally homogenous in shape and size.  
DDH 194, 320 m.  (C) Reflected photomicrograph of secondary cubic pyrite that overgrew 
framboidal pyrite.  DDH145, 530 m.  (D) Reflected light photomicrograph of coarse-grained 
chalcopyrite that overgrew framboidal pyrite within the lower laminated pyritic siltstone.  
DDH130, 766 m. 
grained beds.  Pyrite is dominantly framboidal and ranges in size from 2-20 µm with most grains 
between 5-10 µm.  Framboids generally do not form clusters (Fig. 3-18B).  Framboidal pyrite 
growth is believed to be largely redox dependent, occurring during diagenesis within centimeters 
of the sediment-water interface (Berner, 1970; Sawlowicz, 1992; Wilkin and Barnes, 1997; 
Schmandt et al., 2013). Pyrite growth during sedimentation is supported by the presence of rip up 
clasts of highly pyritic siltstone within overlying Grand Conglomérat Formation diamictites 
(Schmandt, 2013). Secondary, mainly cubic, pyrite overgrew the framboids (Fig. 3-18C).  
Ankerite occurs as aggregate grains (5 to >100 µm) that overgrew framboidal pyrite. 





preexisting carbonates.  Ankerite occurs preferentially adjacent to beds with a high pyrite 
content.   
Copper sulfides overgrew and replaced the framboidal and cubic pyrite suggesting copper 
mineralization postdated diagenesis (Fig. 3-18D).  Late pyrite grains intergrown with copper 
sulfides are generally anhedral and irregular.  Copper mineralization may have occurred 
synchronously with potassic alteration (Schmandt et al., 2013).   
Framboidal pyrite in the pyritic siltstone units at Kamoa has δ34S values of -11 to - +3 ‰, 
(Schmandt et al., 2013) suggesting it was produced through bacterial sulfate reduction of 
Neoproterozoic seawater sulfate (Ohmoto et al., 1990; Ohmoto and Rye, 1997).  Although this is 
a common means of producing diagenetic pyrite, the abundance of such pyrite at Kamoa is 
highly unusual. The unidirectional trend in sulfur isotope values of framboidal pyrite upwards 
through the stratigraphy (Schmandt et al., 2013) could signal either depletion of available 
seawater sulfate through time due to Kamoa’s position in a closed basin or a global change in the 
sulfur isotopic composition of seawater through time. 
The amount of diagenetic pyrite present at Kamoa suggests special conditions must have 
existed, probably an unusual source of iron and/or reduced sulfur.  The position of Kamoa along 
the basin margin in an area that was later mineralized with copper suggests that iron-rich fluids 
probably derived from brines in the basin to the east were focused into the area.  The presence of 
pyrite rather than iron oxide minerals may be due to escape of such fluids into the near surface 
where sulfate reduction could occur biologically. 
3.4.10 Kansanshi Copper-Gold Deposit 
At Kansanshi, stratiform horizons of banded quartz-magnetite-siderite occur in the 





2003).  The Kansanshi Cu-Au deposit is located in the Northwestern Province of Zambia, 10 km 
north of the town of Solwezi (Fig. 3-19).  The deposit is estimated to contain 261 Mt of 1.25% 
Cu and 0.17 g/t Au (Hitzman et al., 2012).  The deposit consists of high-angle sheeted quartz-
calcite-chalcopyrite veins that are commonly enveloped by halos where biotite-destructive sodic 
alteration resulted in the precipitation of albite, ferroan dolomite, and chalcopyrite (Torrealday, 
2000; Hitzman et al., 2012).  Veining was localized within domes along the crest of the NW-
trending Kansanshi antiform (Hitzman et al., 2012).  
 The Pebble Schist Unit at Kansanshi recurs several times in the vertical succession due to 
structural repetition (Broughton et al., 2002) (Fig. 3-20).  Iron-bearing rocks occur both at the top 
of the Upper Pebble Schist Unit and base of the Lower Pebble Schist Unit. The iron-bearing 
horizon in the Lower Pebble Schist Unit is present throughout the entire deposit area while the 
iron-bearing horizon at the top of the upper Pebble Schist Unit has a localized distribution. Only 
samples from the magnetite-bearing horizon within the Lower Pebble Schist Unit were examined 
for this study. Magnetite in the Lower Pebble Schist Unit occurs in two 0.5 to 2.8 m thick 
horizons within the Lower Pebble Schist Unit that are separated by 0.4-2.3 m of diamictite.  
Contacts between the magnetite-bearing layers and diamictite are typically sharp (Fig. 3-
21A).  The lower magnetite-mineralized horizon in the Lower Pebble Schist Unit typically 
occurs 1 to 2 m above the contact between the diamictite and the underlying marble.  Siderite or 
disseminated magnetite and/or pyrrhotite (<2 m) are locally present within diamictite adjacent to 
the magnetite-bearing horizons.  
The magnetite-bearing horizon in the Lower Pebble Schist Unit contains quartz, 







Figure 3-19: Generalized geologic map of the Kansanshi deposit and Chafaguma Hill area 
(yellow boxes) in the Northwest Province, Zambia.  Lithologic/geophysical units are defined by 
outcrop, drill core, and geophysical data.  Drill cores SEDD014 (14), KRX077 (77), KRX066 
(66), and KRX055 (55) were analyzed in thin section and SEM and utilized for geochemical 






Figure 3-20: Simplified stratigraphic column at the Kansanshi Deposit (after Broughton et al., 
2002) showing the location of the iron occurrences.   
horizon commonly displays modal mineralogic banding.  Bands are typically polymineralic, 
straight, conformable, and less than 3 mm thick (Fig. 3-21B).  Contacts between bands are 
commonly poorly defined due to the coarse-grained nature of the minerals.  Rare quartz and 
quartz-biotite nodules less than 4 cm in diameter within the banded rocks probably represent 
lonestones.  Metamorphic foliation in the banded magnetite horizon is generally parallel to the 
modal banding and is defined by elongate magnetite, quartz, siderite, ankerite, biotite, grunerite, 
almandine, pyrrhotite, and pyrite grains (Fig. 3-21C,D). 






Figure 3-21: Images of magnetite-bearing rocks in the Pebble Schist Unit at the Kansanshi 
deposit. (A) Contact between banded quartz-magnetite-ankerite/siderite (left) and garnetiferous 
biotite-quartz schist (diamictite)(right) with characteristic porphyroblastic almandine at the 
contact.  KRX077, 656.6 m.  (B) Poikilitic almandine and grunerite at the contact between the 
magnetite-bearing horizon (right) and metamorphosed diamictite (left).  KRX055, 819 m.  (C) 
Reflected light photomicrograph of typical banded magnetite-quartz-siderite/ankerite with 
elongate pyrrhotite grain overgrowing pitted magnetite grains.  KRX55, 820 m.  (D) Plane 
polarized photomicrograph of grunerite with siderite and magnetite inclusions in banded siderite-
magnetite-quartz rock.  KRX55, 820 m.  (E) Magnetite, siderite, and quartz nodules in weakly 
modally banded magnetite-annite-quartz-siderite rock.  SEDD014, 271.6 m.  Abbreviations: 
grun=grunerite, po=pyrrhotite, qtz=quartz, sid=siderite. 
(typically <2 mm) and in semi-massive bands.  Magnetite has a pitted appearance and shares 
polygonal boundaries with quartz (Fig. 3-21C).  Quartz grains (typically 50-300 µm) are 
anhedral, polygonal, and display 120° grain boundaries.  Siderite is commonly intergrown with 
less abundant ankerite. Grunerite typically occurs as subhedral to anhedral laths less than 4 mm 
in length.  It is most common at the contacts between the magnetite-rich horizon and the adjacent 





21D).  Rarely, grunerite occurs interstitially between magnetite, quartz, and siderite grains.  
Annite (Fe:Mg=ca. 6) occurs as subhedral to anhedral books (typically <1 mm) that are 
sometimes intergrown with grunerite.  Almandine occurs as porphyroblastic, poikilitic elongate 
skeletal grains (<5 cm) that are most abundant near the contact of the magnetite-rich horizon and 
the adjacent diamictite (Fig. 3-21B).  Almandine contains inclusions of quartz, siderite/ankerite, 
biotite, grunerite, and magnetite.  Almandine commonly displays pressure shadows that contain 
siderite, magnetite, quartz, grunerite, and annite.  Pyrrhotite occurs as anhedral grains (<0.6 mm) 
and is typically present in coarser-grained bands.  It overgrows and replaces magnetite and is 
also observed overgrowing biotite, carbonate minerals, quartz, almandine, and grunerite.  Trace 
anhedral chalcopyrite (<0.2 mm) occurs as inclusions in pyrrhotite or interstitially along 
pyrrhotite grain boundaries.  Trace pyrite occurs as disseminated subhedral to anhedral grains 
(20-2 cm) that overgrow and replace magnetite.  Trace apatite was observed as very fine (<5 µm) 
disseminated grains.  It may form discrete bands in places (T. MacIntyre pers. commun., 2017).  
Assay data over the banded magnetite intervals, logged in this study, had average values 
of 23 wt.% Fe, 4.3 wt.% Ca, 2.3 wt.% Mg, 2.3 wt.% Mn, 2.2 wt.% Al, and typically >1 wt.% P.  
A magnetite-bearing horizon is present at the base of the Pebble Schist Unit to the 
northeast of Kansanshi in drill core SEDD014.  Magnetite textures in this drill hole are similar to 
those at Kansanshi.  The magnetite-bearing horizon in SEDD014 contains very fine-grained 
disseminated rutile (<60 µm) that is overgrown by pyrrhotite, pyrite, and chalcopyrite.  The 
magnetite-bearing horizon, as well as adjacent diamictite, in this drill core contains less than 1 
centimeter in diameter porphyroblastic poikilitic actinolite grains.  The actinolite contains 
inclusions of magnetite, quartz, ankerite, siderite, and rutile, and is intergrown with almandine.  





siderite, and quartz nodules in a weakly modally banded quartz-biotite-magnetite-carbonate 
schist that is bracketed by quartz-dolomites veins.  This nodular rock has the appearance of a 
diamictite that has been selectively replaced by magnetite, but could also represent granular iron 
formation (Fig. 3-21E). 
The grunerite, almandine, and annite observed at Kansanshi and in drill hole SEDD014 
are the expected products of a magnetite-quartz-ankerite/siderite assemblage with an aluminous 
pelitic component that underwent amphibolite grade metamorphism (Klein, 1973, 1983, 2005).  
Sulfides appear to have been precipitated in the magnetite-bearing horizon after magnetite but 
prior to the development of a foliation.  Due to metamorphism, textures are not diagnostic of the 
genesis for the magnetite-bearing horizon.  The presence of magnetite and other iron-rich 
minerals in diamictites adjacent to the magnetite-rich horizons together with possible textural 
evidence of replacement in drill hole SEDD014 could suggest a replacive origin.  However, the 
wide distribution of the magnetite-bearing horizon throughout the Kansanshi area, especially the 
magnetite-bearing horizon associated with the Lower Pebble Schist Unit, is suggestive of a 
sedimentary origin. 
3.4.11 Chafaguma Hill 
In the Northwestern Province, banded iron oxide rocks are more resistant to erosion than 
the surrounding lithologies, which results in their forming regionally extensive linear ridges and 
intermittent chains of ridges (Barron, 2003).  One of the largest such ridges in the Northwestern 
Province is Chafaguma Hill, 6 km north of the Kansanshi deposit (Fig. 3-19) that forms a 
sinuous, NW-trending, 3.3 km long ridge that rises approximately 200 m above the surrounding 
plains. Regional magnetic data indicates that the banded iron horizon at Chafaguma Hill 





The iron-bearing horizon at Chafaguma Hill overlays heavily weathered reddish-brown 
biotite schist with abundant supergene goethite.  Regional geological mapping indicates that the 
iron-bearing horizon is adjacent to the Grand Conglomérat Formation though it is unclear if it 
occurs near the top, bottom, or within the unit. In outcrop the iron-bearing horizon is observed to 
be gently to tightly folded (Fig. 3-22A). Due to the limited extent of outcrop and the degree of 
folding at Chafagum Hill, it is unclear how thick the iron-bearing horizon is or if it occurs as a 
single or as multiple horizons. The horizon contains quartz and magnetite. The horizon display 
mineralogic modal banding with most bands between 0.5 and 2 mm thick (Fig. 3-22B).  Quartz 
grains (50 µm-0.2 mm) are subhedral, equant, and polygonal; they display 120° triple junctions 
(Fig. 3-22C).  Magnetite occurs disseminated subhedral grains (10-150 µm), in aggregates, and 
in massive bands (Fig. 3-22D).  In places, magnetite grains increase in size and abundance 
towards massive bands giving it a graded appearance. 
Hematite (martite) rims to completely replaces most magnetite grains. Martite and The 
absence of ferroan carbonates, almandine, grunerite, or annite in the samples examined for this 
study suggests that the pre-metamorphic protolith of the magnetite-bearing horizon was devoid 
of pelitic or carbonate sediments. The absence of detrital material in the rocks suggests that they 
are not quartzites as proposed by Barron (2003).  The habit and size of quartz grains in the 
banded rocks are similar to those expected for recrystallized cryptocrstalline quartz at the 
amphibolite grade (James, 1955; Klein, 1973). The mineralogy and large lateral extent of the 
quartz-magnetite rock at Chafaguma Hill suggests it may have originated as a sedimentary iron 
formation. magnetite were replaced by earthy hematite and goethite, which may display a vuggy 
texture. Some of the martitization could have occurred prior to weathering, but the abundance of 






Figure 3-22: Images of the banded magnetite rocks at Chafaguma Hill.  (A) Typical outcrop at 
Chafaguma Hill showing tight, asymmetric fold of the banded quartz-magnetite rocks.  (B) Hand 
sample of modal mesobanded quartz-magnetite with thinner bands and band sets displaying 
microfolds. Much of the magnetite has been replaced by hematite and goethite. (C) Reflected 
light photomicrograph of banded quartz-magnetite rock with the magnetite replaced by both 
hematite and goethite.  Abbreviations: gt=goethite, hm=hematite, mt=magnetite, qtz=quartz. 
3.4.12 Other Iron Occurrences in the CACB 
 Iron occurrences have been recognized at sixty additional locations in the CACB 





Among the locations that have been recognized, limited information is available for the Kamoya, 
Luiswishi, Shituru, Kisanga, Katinda, and Lufunfu Sud occurrences (Francois 1974; Cailteux, 
2007).  The iron occurrences at Kamoya, Luiswishi, and Shituru appear to have similarities to 
those described as part of this study while those at Kisanga, Katinda, and Lufunfu Sud may 
represent entirely different styles of iron mineralization. 
At Kamoa a hematite-bearing horizon occurs at the top of a dolomite bed between two 
volcaniclastic units within the lower Mwashya Subgroup (Kansuki Formation; Cailteux et al., 
2007). The lower Mwashya Subgroup at this location directly overlies the halokinetic breccias. 
The iron-bearing horizon forms a massive hematite bed 0.8 to 2.4 m thick or a band of 
intergrown hematite and ferroan carbonate minerals at the top of a white, talc-bearing dolostone 
(Cailteux, 1994).  Cailteux et al (1994) reported that millimeter sized clasts of hematite derived 
from this unit were present within the base of the overlying pyroclastic unit.  If the hematite 
grains within these pyroclastic units are clasts and not selective replacements it indicates that the 
iron oxides were precipitated as sediments or precipitated during shallow burial.  At Luiswishi a 
massive hematite bed 10 cm thick is present at a similar stratigraphic setting to that at Kamoya 
(Cailteux, 1994).  At Shituru, at least two hematite beds occur above volcaniclastic rocks in the 
lower Mwashya Subgroup (Lefebvre, 1973), which overlay Dipeta Subgroup rocks.  The upper 
iron-bearing horizon at Shituru appears stratiform and has a minimum strike length of 500 m.   
The Kinsanga and Katinda copper deposits occur near Likasi at the base of the Kakontwe 
Limestone Formation.  At Kisanga very pure limonite and hematite occur as two sheet-like 
bodies 500 m long and 5 to 25 m thick.  The deposit produced 600 kt of iron ore concentrate 
(Francois, 1974).  Buffard (1993) described this deposit as resulting from the accumulation of 





hematite form a hill 400 m long and 100 m wide (Francois, 1974).  It is likely of a similar origin 
to Kinsanga (Francois 1974).  At Lufunfu Sud, a 75 m long and 20 m wide iron oxide mass 
occurs in a band of outcropping brecciated dolostone. 
3.4.13 Xaudum Iron Prospect 
The Xaudum iron ore prospect is located near the town of Shakawe in northwestern 
Botswana, 10 km south of Caprivi, Namibia and west of the Okavango River (Fig. 3-1).  
Diamond drilling indicates that the Xaudum iron-ore prospect contains an indicated resource of 
441 Mt at 29.7% Fe.   Drill data indicates that two stratiform magnetite-bearing horizons, up to 
200 m in thickness, occur within diamictite and schist of the Grand Conglomérat Formation.  
One magnetite- bearing horizon occurs at the contact between the Mwashya Subgroup and Grand 
Conglomérat Formation.  The other occurs approximately 200-450 m above the contact.  Ground 
magnetic surveys demonstrate that complexly deformed magnetite-bearing rocks extend along a 
37 km-long N-NE trend to the south of Shakawe (Baker, 2014) (Fig. 2-2).  A ground magnetic 
inversion model was utilized to suggest that a further five to seven billion ton inferred resource 
with a grade assumed close to that at Xaudum is present along this trend (Baker, 2014). 
 The Grand Conglomérat Formation is composed primarily of rounded to angular clasts (4 
mm-0.8 m) of metagranite, vein quartz, carbonate, biotite-quartz schist, garnet-biotite-quartz 
schist, and quartzite in a quartz-biotite-muscovite±garnet schist matrix.  It contains layers of 
quartz-biotite-muscovite±garnet schist without clasts that have been interpreted to have a 
siltstone protolith. Similar to the Grand Conglomérat Formation in the CACB (Master and 
Wendorff, 2011) and the Chuos Formation in Namibia (Henry et al., 1986), the Grand 






At Xaudum the Katangan Supergroup rocks were deposited above and adjacent to a 
metagranite basement high that appears to have been bound by synsedimentary faults and formed 
a paleotopographic high until at least deposition of the Kakontwe Limestone Formation.  During 
the Lufillian orogenic event normal faults were inverted and Katangan Supergroup rocks were 
gently to isoclinally folded. 
The iron occurrence can be subdivided into magnetic diamictite, magnetic schist, garnet-
grunerite schist, and banded magnetite units.  Magnetite-bearing units are intercalated with non-
magnetitic diamictite and schist.  The magnetic schist and diamictite units contain disseminated 
magnetite that occurs as subhedral to euhedral, disseminated grains (<400 µm) that have 
polygonal grain boundaries with quartz.   Quartz occurs as seriate-polygonal subhedral to 
anhedral grains (50 μm to 1 mm) equant or elongate in the trace of foliation with 120° grain 
junctions.  Biotite and muscovite occur as interleaved flecks (<1 mm) that define foliation.  
Almandine is locally disseminated in the matrix as 50 µm to 1 cm diameter grains.  It is 
commonly poikilitic with inclusions of magnetite, quartz, and ankerite and displays fish-net and 
rotational textures.  Feldspar grains (<2 mm) may contain inclusions of biotite. 
The garnet-grunerite unit has a mineral assemblage of almandine-grunerite-
quartz±magnetite-annite-ankerite.  Alignment of grunerite and annite form the foliation in the 
unit.  Magnetite in the garnet-grunerite schist occurs as subhedral to anhedral grains (10 μm to 1 
mm) that commonly form aggregates.  Quartz grains are equant, subhedral to anhedral with 
diameters ranging from 50-200 µm and 120° grain boundaries. Grunerite commonly contains 
inclusions of quartz, magnetite, ankerite, and annite.  Grunerite grew along boundaries between 
quartz and ankerite grains and embays dolomite-ankerite grains.  Annite occurs as <1.5 mm 





carbonate, magnetite, quartz, annite, grunerite, and apatite. Ankerite occurs as subhedral to 
anhedral grains (<0.3 mm) with magnetite inclusions. Apatite (<5-20 µm) is typically 
disseminated and occurs as inclusions within magnetite, garnet, and grunerite.  Trace graphite 
(<5 μm) ma occurs preferentially along foliation planes. 
The banded magnetite unit is composed of poly- to monomineralic modal bands of 
magnetite, quartz, grunerite, almandine, ankerite, ferroan/manganoan dolomite, annite, and 
spessartine.  Banding may be µm to m in scale, but mm to cm scale banding is most common.  
Bands can be conformable or anastomosing.  Open to tight, commonly ptygmatic folds are 
pervasive. Magnetite in the banded magnetite unit forms grain aggregates that may coalesce into 
massive to semi-massive bands.  Grunerite in banded magnetite rocks rims ankerite bands. 
Manganoan dolomite is present in pink to orange bands that typically contain very fine- to fine-
grained spessartine (10 µm to 0.3 mm).   
Metamorphic fabrics in the Katangan Supergroup rocks are crosscut by quartz-carbonate-
chlorite-sulfide veins with albite-quartz-tourmaline-sulfide alteration selvages.  Sodic alteration 
at Xaudum becomes more pervasive towards the basement bounding fault in the east indicating 
that it acted as an important conduit for hydrothermal fluids.  
The stratiform nature, lack of replacive textures, and well-developed layering or banding 
in the banded magnetite unit suggests it formed as primary sediment.  However, no clasts 
containing magnetite were observed in any of the diamictites at Xaudum.  The grunerite, 
almandine/spessartine, and annite observed in the banded magnetite and garnet-grunerite schist 
units are expected products of a magnetite-quartz (chert)-ankerite-ferroan/manganoan dolomite 
assemblage with some aluminous pelitic content that has undergone amphibolite grade 





toward the west, the banded magnetite unit showed a distinct trend from annite/Mn carbonate 
rich, to ferroan carbonate rich, to a quartz-magnetite dominant assemblage.  Such a zonation is 
similar to facies distributions observed in Precambrian iron formations of sedimentary origin 
(Klein, 2005).  Given that the diamictites are believed to have been deposited largely as mass 
flow deposits, it is difficult to imagine how detrital magnetite or magnetite derived from iron-
rich seawater could produce the zoning pattern observed at Xaudum.  It seems more likely that 
the magnetite in these rock types formed by infiltration of iron-rich fluids.   
3.4.14 Kaokoland Chuos ‘Iron Formation’ 
The banded magnetite-jasper iron occurrence in the Chuos Formation examined in this 
study is located 25 km north of the city of Opuwo in northern Namibia.  The study area is within 
the Eastern Kaoko (structural) Zone (EKZ) of the Kaoko belt.  Damara Supergroup rocks in the 
EKZ display large-scale E-trending folds that were subsequently refolded by northward vergant 
recumbent folds (Miller, 2008).  In the study area, Ombombo and Abenab Subgroup rocks form 
the southern limb of an E-trending open syncline (Fig. 3-2, Fig. 3-23). 
The Chuos Formation in the study area is recessive.  It is composed of interbedded clast-
poor and clast-rich diamictites and siltstones.  Diamictites consist of subrounded to subangular 
pebbles to cobbles of dolomite, vein quartz, quartzite, fine-grained sandstone, granite, and shale 
in a massively bedded green to grey siltstone matrix.  The Chuos Formation is underlain by 
stromatalitic dolomicrites, chert-rich dolomicrites, and dolomitic sandstones of the Ombombo 
Subgroup (Fig. 3-23).  It is overlain by dark-grey to black, thinly to massively bedded micritic 
carbonate rocks of the Rhastof Formation (Fig. 3-23). 
The banded magnetite-jasper rocks occur as a <1 m thick horizon within the Chuos 






Figure 3-23: Geological map of the Chuos Formation iron occurrence examined in the 
Kaokoland of northern Namibia. Detailed field mapping and aerial photographs were utilized to 
modify a Geological Survey of Namibia map (Hoffman et al., 2002). 
surficial cover and the development of calcrete pavements in the immediate outcrop area, it is 
unclear where this horizon occurs stratigraphically in relation to the overlying Rhastof 
Formation.  Outcrop observations and magnetic data suggest that the horizon is stratiform.  
Regional airborne geophysical data, provided by the Geological Survey of Namibia, and 
magnetic geophysical data from recent copper exploration in the region (Allen, 2016) suggests 
that the magnetite-mineralized horizon in this area extends at least 16 km.   
 The iron oxide-rich layer with the Chuos Formation displays both banded and nodular 
textures.  Bands are modal, slightly undulating, and range in thickness from 0.5 to 2 cm (Fig. 3-
24B).  Within the magnetite band sets, thinner bands range from 0.3 to 2 mm.  Bands consist of 






Figure 3-24:  Images of banded magnetite rocks in the Chuos Formation in the Kaokoland 
region.  (A) Outcrop of banded jasper and magnetite rocks.  (B) Hand sample of slightly 
undulating, conformable mesobanded magnetite-jasper showing locations of images C-E.  Note 
two distinct types of jasper bands.  An irregular band of geothite and Mn oxide is present at 
contact between magnetite and jasper. (C) Reflected light photomicrograph of a magnetite band 
showing subhedral to euhedral magnetite/martite grains in a jasper groundmass.  (D) Plane 
polarized photomicrograph showing disseminated magnetite/martite and carbonate grains in 
microbanded jasper.  (E) Reflected light photomicrograph of disseminated magnetite/martite 
grains in massive jasper. Abbreviations: carb=carbonate, gt=goethite, hm=hematite, jsp=jasper, 
mt=magnetite, qtz=quartz. 
µm) and grain aggregates (Fig. 3-24C).  Irregular bands of goethite and manganese oxide 
commonly occur along the contact between magnetite and jasper band sets.  Two types of jasper 
bands are present in the banded rocks: microbanded (Fig. 3-24D) and massive (Fig. 3-24E).  
Microbanded jasper is more prevalent. It consists of alternating maroon and reddish-white  
bands, typically between 0.1 and 0.4 mm thick.  Massive bands are pale reddish white; they are 





magnetite grains (<10 µm to >50 µm) are disseminated throughout both jasper types, but are 
larger and more abundant in the microbanded jasper.  Magnetite grains may have quartz rims 
(<30 µm). Magnetite is altered to hematite (martite) in all band types.  Trace subhedral to 
euhedral carbonate grains (<100 µm) are disseminated within jasper bands. 
Some massive magnetite band sets contain nodules of dark red massive jasper, up to 6 cm 
long and 2 cm wide.  Jasper within these nodules generally lacks disseminated magnetite.   
In other places in Namibia, iron deposits in the Chuos Formation occur as magnetite and 
hematite bearing sandstones and siltstones (Burg, 1941; Le Heron et al., 2013), banded chert 
with iron oxide (specularite or magnetite) (Miller; 1983; Henry et al., 1986; Breitkopf, 1988), 
and banded magnetite-quartz-amphibole-ferroan carbonate (Breitkopf, 1988).  Locally iron oxide 
layers may contain manganese oxide-rich beds (>58% Mn) (Miller, 1983; Buhn et al., 1992).  
These iron deposits occur at the base (Le Heron et al., 2013), within (Breitkopf, 1988) or at the 
top of the Chuos Formation (Henry et al., 1986).  They are interbedded with variably 
metamorphosed sandstone, siltstone, diamictite, and volcanic rocks of the Chuos Formation 
(Burg, 1941; Miller, 1983; Henry et al., 1986; Breitkopf, 1988; Buhn et al., 1992; Le Heron et 
al., 2013).  The frequently sharp contact between banded iron oxide-quartz and the host rocks, 
lack of detrital grains in the banded rocks (Miller, 1983), presence of ‘iron formation’ clasts in 
the diamictite (Henry et al., 1986; Le Heron et al., 2013), and presence of microcrystalline 
hematite laminae in stromatilites (Le Heron et al., 2013) has led most previous workers to 
suggest a sedimentary origin.  However, some authors have suggested that while the iron 
occurrences are sedimentary in origin, local or regional hydrothermal activity was key to their 






The majority of iron occurrences in the CACB are located within the Mwashya Subgroup 
or the Grand Conglomérat Formation.  Those in Mwashya Subgroup rocks, and at least one in 
the Dipeta Subgroup (Kipushi East), occur adjacent to halokinetic breccias or within a 
sedimentary sequence containing volcaniclastic rocks. Generally, iron occurrences associated 
with the Grand Conglomérat Formation are located near the margins of the CACB basin, while 
iron occurrences in Mwashya Subgroup occur within the basin. The size and position along the 
basin margin of the poorly known, but apparently large Kasumbalesa iron deposit are 
reminiscent of the diamictite related occurrences.  However, much more work is required to 
properly understand this deposit. Iron occurrences in the NWP and ZCB are dominated by 
magnetite while iron occurrences in the CCB are appear to be dominated by specular hematite.  
Magnetite is common constituent of halokinetic breccias of the ZCB and NWP but is rare in 
halokinetic breccias in the CCB, though they may contain specular hematite (M. Hitzman pers. 
commun., 2017).   
3.5.1 Halokinetic Breccia Associated Occurrences 
The iron occurrences in Roan Group rocks at Konkola, Kipushi East, Kabolela, Bangwe, 
Mukondo, and Mulenga are associated with halokinetic breccias.  Halokinetic breccias in the 
ZCB are largely stratabound.  They are taken to represent the position of relatively thick 
evaporite (halite and anhydrite) beds (Selley et al., 2005) that underwent relatively minor 
halokinesis and then dissolution and resulting collapse.  Halokinetic breccias in the DRC occur 
as bodies that crosscut stratigraphy and extend upwards into Kundelungu Group sedimentary 





have nucleated above normal faults lower in the sedimentary sequence that were reactivated 
during deposition of the Grand Conglomérat Formation. 
Iron occurrences associated with the halokinetic breccias may have strike lengths up to10 
km, though most have dimensions of tens to hundreds of meters.  Distribution of iron oxide 
minerals in the halokinetic breccias is commonly irregular but there is a distinct tendency for 
iron oxides to be concentrated along the margins of the breccia bodies.  
Iron oxide mineralization in these occurrences predates copper mineralization.  Iron oxide 
mineralization can be contemporaneous with silicification, sodic, and possibly potassic and 
magnesian alteration events.  Iron oxides at these locations appear to primarily replace the 
carbonate-rich matrix of the breccias or dolostone clasts or dolostone beds adjacent to the breccia 
bodies.  Iron oxides were also able to replace portions of siltstone and sandstone beds, most 
likely carbonate cements.  The localized massive iron oxide bodies within halokinetic breccia at 
Konkola, Kabolela, Mukondo, and Bangwe suggest that iron oxide replacement occurred after at 
least some evaporite mineral dissolution. 
CACB iron occurrences along the diapiric breccia structures display many similarities to 
the modern-day iron oxide deposits associated with brine seeps in the Gulf of Mexico (Warren, 
2000, 2006).  In the Gulf of Mexico, allochthonous shallow salt sheets dissolve from the edges 
inward and release chloride-rich brines that are incorporated into subsalt fluid convention cells 
(Warren, 2000, 2006).  During this salt dissolution driven convection, iron is scavenged from the 
buried sediments by anoxic porewaters (Hanor, 1994; Warren, 2006). Iron-rich brine then seeps 
upward into oxygenated seawater where it precipitates hematite and ferrous hydroxides (Warren, 





(chamosite, berthierine) may be precipitated (Warren, 2006).  Similar reactions are also known to 
occur in the subsurface (e.g. Hackberry dome, Louisiana; Warren, 2006). 
Another modern analogue for the breccia associated iron occurrences may be the modern 
day restricted Red Sea basin where metalliferous brine is accumulating in depressions formed by 
transverse faults along the spreading axis (Warren, 2000).  The brine results from dissolution of 
halokinetic salt; such dissolution also contributes to the irregular seafloor topography that forms 
depressions for brine pools (Warren, 2000).  Under the Atlantis II brine seep, 10-30 m of 
metalliferous (Fe, Mn, Zn, Cu, Ag and Au) sediments overly a basaltic sill.  These metalliferous 
sediments are composed of silicates, sulfides, oxides, and carbonates (Anshust and Blanc, 1995) 
that are typically delicately banded.  They contain breccias and slump structures that are believed 
to have formed during the intrusion of basaltic sills (Zierenberg and Shanks, 1983).  These 
metalliferous sediments contain horizons (<6 m) of dominantly goethite, hematite, manganite, 
groutite, and todorokite. Some beds are composed entirely of goethite and Ca/Fe/Mn carbonates 
(Anshust and Blanc, 1995).  Locally the iron oxide-rich horizon may contain anhydrite, talc, 
magnesian phyllosilicates, and detrital material (Anshust and Blanc, 1995).  In places, goethite 
and hematite have been converted to magnetite during diagenesis (Zierenberg and Shanks, 1983).  
The low concentration of Zn, Cu, and sulfides in the iron oxide-dominant horizon is likely due to 
a decrease in the temperature of the incoming hydrothermal brines during its deposition, as 
opposed to redox changes (Barnes, 1979; Anshust and Blanc, 1995).  The textures, mineralogy, 
structural setting, and association with dissolution brine and intrusive mafic igneous activity of 
the Atlantis II brine pools are similar to the environment thought to have been present at 
Konkola.  





Kipushi suggest the iron-mineralizing brines flowed along the edges of salt structures, as is 
observed in the Gulf of Mexico today (Warren, 2006). Suprasalt faults that formed in response to 
salt movement (e.g. Kipushi) or subsalt basin-forming structures (e.g. Konkola) also likely 
focused fluid flow.  Brine circulation may have been driven by mafic igneous activity occurring 
during Mwashya Subgroup time, over pressured sediments at depth, or variations in salinity due 
to the dissolution of salt bodies (Warren, 2006).   
3.5.2 Diamictite Associated Occurrences 
The iron occurrences at Chafaguma Hill, Kansanshi, Fishtie, Xaudum, Kamoa, and 
Kaokoland are all associated with Sturtian diamictites.  Except Kamoa, these occurrences had a 
pre-metamorphic mineral assemblage of iron oxide and quartz ±ferroan carbonates with a minor 
to substantial clastic input.  Except for Fishtie, where the lateral extent of the occurrence is 
unconstrained, each occurrence has a strike length 10’s of km long.  Iron mineralization in these 
iron occurrences always predated copper mineralization.  These occurrences appear stratiform 
and do not show clearly replacive textures or geometries.  Where geochemical data is available 
(i.e. Kansanshi, Fishtie, Xaudum) these iron occurrences commonly have phosphorous contents 
that exceed 1 wt.%. 
‘Rapitan-type’ deposits (Bekker et al., 2010) mark the return of widespread iron 
deposition after a one-billion-year hiatus (Klein and Buekes, 1993; Cox et al., 2013).  Rapitan-
type deposits (Eisbacher, 1981; Klein, 2005; Bekker et al., 2010; Planavsky et al., 2010; 
Hoffman et al., 2011; Freitas et al., 2011; Cox et al., 2013) typically display an association with 
Sturtian glaciogenic strata and contain ferruginous siltstone or ferruginous diamictite.  They 
commonly display abrupt thickness changes and are located in a rift or intracontinental basin 





enriched in phosphorous and some contain significant manganese (Buhn et al., 1992; Klein and 
Ladeira, 2004).  The available data indicates that each of the diamictite-associated iron oxide 
occurrences in this study fits the majority of these characteristics. 
No unambiguous evidence of a sedimentary origin for the diamictite-associated iron 
oxide occurrences in this study was observed; however, the stratiform nature, dearth of replacive 
textures, and well-developed layering or banding commonly observed suggest they could have 
formed as chemical sediments.  Furthermore, the iron occurrences at Xaudum, Kansanshi, and 
Chafaguma Hill appear to display an increase in ferroan carbonate content towards the basin 
margins, a facies pattern commonly observed in Precambrian iron formations (Klein, 2005).  
Likewise, the enrichment of manganese in the banded magnetite unit at Xaudum above 
paleohighs is consistent with fractionation of dissolved Mn and Fe across a chemocline (e.g. 
Black Sea; Force et al., 1991, Buhn et al., 1992; Maynard, 2010).  Other Rapitan-type deposits 
display more obvious evidence of a sedimentary origin such as banded iron clasts in the 
diamictites that host the deposits (Henry et al., 1986; Le Heron et al., 2013), presence of 
microcrystalline hematite laminae in stromatilites (Le Heron et al., 2013), presence of ferriferous 
and siliceous allochems that form sedimentary structures, and the presence of intraformational 
conglomerates (Klein and Buekes; 1993; Klein and Ladeira, 2004; Freitas et al., 2011). With the 
exception of clasts of iron formation in diamictites, the other textures that could help point to a 
sedimentary origin of these deposits would have been destroyed during metamorphism. 
The synchronous and short-lived reappearance of widespread banded iron deposits in the 
Sturtian (Arnaud et al., 2011; Cox et al., 2013), a period of extreme perturbations of the earth 
surface environment (Kirschvink, 1992), strongly suggests that the chemical conditions of 





global (Kirschvink 1992; Hoffman and Schrag 2000; Hoffman and Schrag, 2002) ice cover 
during the Sturtian is likely to have led to stagnant, anoxic conditions in Neoproterozoic oceans 
that facilitated the accumulation of dissolved Fe2+ (Klein, 2005; Bekker, 2010).  Global 
glaciation may also explain the development of ferruginous instead of sulfidic conditions in the 
oceans (Cox et al., 2013).  Recent work (Basta et al., 2011; Freitas et al, 2011; Le heron et al, 
2013) indicates that glacial ice cover may not have been the fundamental control on the 
development of ferruginous anoxic ocean basin conditions in the Neoproterozoic, but may have 
tipped the balance towards those conditions within localized restricted basins (Baldwin et al., 
2012; Cox et al., 2013).  Glacial melt back (Kirschvink, 1992; Klein and Beukes, 1993) or 
subglacial meltwater discharge (Young, 1988; Hoffman, 2005; Lechte et al., 2016) could have 
resulted in mixing of oxygenated water with anoxic waters rich in dissolved Fe2+ and led to the 
development of an iron chemocline.  Recent estimates of iron fluxes to modern day oceans and 
chemical and isotopic investigations of Rapitan-type deposits suggest that dissolved iron sourced 
from glacial sediments, in particular mafic igneous sediments, may have been an important 
source of iron in these systems (Tagliabue et al., 2010; Raiswell and Canfield, 2012; Cox et al., 
2013; Cox et al., 2016). 
While aspects of many of these deposits appear sedimentary, some Rapitan-type deposits 
do display evidence of hydrothermal exhalative processes.  Purported jasper veins crosscut the 
Chuos Formation diamictites that host iron-deposits (Eyles and Januszsak, 2004). In the Jacadigo 
Group in Brazil, jasper veins crosscut basement rocks that underlie the iron deposit, non-detrital 
magnetite is observed adjacent to fault structures, and iron and silica deposits are temporally 
linked to periods of maximum fault displacement (Freitas et al., 2011), pointing to the probable 





Given that the diamictites and siltstones (schists) at Fishtie and Xaudum are believed to 
have been deposited largely as mass flow deposits, it is difficult to imagine how detrital 
magnetite or magnetite derived from iron-rich seawater could produce the zoning pattern 
observed at either of these locations.  It seems more likely that the magnetite in these rock types 
formed by infiltration of iron-rich fluids.  Furthermore, the iron deposits at Fishtie and Xaudum 
are spatially linked with synsedimentary faults that demonstrably acted as conduits for later 
hydrothermal fluids.  It is likely that similar normal faults existed adjacent to the other Rapitan 
type iron-deposits in the CACB.  The presence of the iron occurrences in the Roan Group rocks 
indicates that iron-rich fluids were present in the basin and the potential link to mafic igneous 
intrusions (pre- to syn- Grand Conglomérat Formation Deposition; Key et al., 2001; Schmandt et 
al., 2013) suggests such fluids were present at the time of Grand Conglomérat Formation 
deposition. It is possible that replacive ironstones in the Roan Group could have been forming 
synchronously with the Rapitan-type deposits associated with the Grand Conglomérat 
Formation. 
3.5.3 Iron Occurrences, Base Metal Deposits, and Exploration Considerations 
There is no direct evidence of a link between mafic igneous activity and copper 
mineralization, but many of the largest deposits in the district, including Kamoa, Kansanshi, 
Kolwezi, and Konkola are spatially associated with abundant mafic sills or flows or 
aeromagnetic anomalies that may represent buried mafic intrusions (Hitzman et al., 2012).  The 
iron occurrences in the CACB share the same empirical relationship, suggesting that mafic 
magmatism may be a key genetic link that explains the spatial connection between copper 
deposits and iron occurrences. 





Kamoa, Kipushi East, and Fishtie paragenetically early iron sulfides and oxides served as 
precipitation sites for later Cu and Fe sulfides. Copper deposits occur stratigraphically below or 
are intercalated with iron-mineralized strata.  The structural relationship between iron 
occurrences and copper deposits is variable.  At Fishtie, Kipushi East, and Konkola, iron and 
copper mineralizing fluids appear to have utilized the same structural conduits.  At Fishtie and 
Konkola these were a synsedimentary normal faults. At Kipushi East the fluid conduit was the 
contact between an allochthonous salt body with the surrounding wall rocks. The iron occurrence 
at Kabolela, Mulenga, Bangwe, and Mukondo, appear to have no direct spatial relationship to 
nearby copper deposits; they occur along the margins of halokinetic salt structures with the 
copper deposits occurring as blocks within the breccia bodies. 
The genetic relationship between iron- and copper-mineralizing fluids may be illustrated 
by the relationships at Kipushi East. At this prospect, it is clear that iron-rich, likely low 
temperature evaporitic brines, resulted in iron oxide precipitation.  Fluids at Kipushi East appear 
to have become more reduced, and probably increased in temperature through time resulting in 
an increased ability to transport copper. Thus, the copper deposit at Kipushi East essentially 
replaces the earlier formed iron deposit. 
This study suggests that the location of iron-rich zones may potentially point to areas that 
host copper deposits.  Copper mineralization could have occurred simultaneous at greater depths 
or could occur later as brines were heated through burial or through input of magmatic heat.  
3.6 Conclusions  
 There are hundreds of iron occurrences in the Katangan Supergroup succession in the 





Grand Conglomérat Formation.  The iron deposits can be subdivided into occurrences associated 
with Sturtian diamictites and those associated with halokinetic breccias. 
 The iron occurrences at Chafaguma Hill, Kansanshi, Fishtie, Xaudum, and Kamoa are all 
associated with the Sturtian Grand Conglomérat Formation diamictites and occur along the 
margin of the main Katangan basin.  These occurrences tend to form stratigraphic units and have 
strike lengths >10 km.  Except Kamoa, these occurrences had a pre-metamorphic mineral 
assemblage of iron oxide and quartz ±ferroan carbonates.  Grunerite, almandine, and annite 
formed during metamorphism.  These deposits are typically conformably laminated or banded.    
Some contain diamictites and schists with disseminated iron oxides.  These occurrences can be 
classified as Rapitan-type iron deposits.  Evidence suggests that these deposits largely formed as 
chemical sediments, but their formation is likely linked to hydrothermal activity in addition to 
the unique seawater chemistry during the Sturtian Glacial event. 
The iron occurrences at Konkola, Kipushi East, Kabolela, Bangwe, Mukondo, and 
Mulenga occur within or adjacent to halokinetic breccias.  They typically have strike lengths <10 
km and are commonly stratabound.  Magnetite zones in these occurrences may be highly 
irregular in shape and have sporadic distribution.  They commonly display iron rich veins and 
replacive textures.  Multiple pulses of iron mineralization are recognized at some locations.  Iron 
mineralization was commonly contemporaneous with silicification or sodic alteration.  
Replacement of halokinetic breccias at Konkola, Kabolela, Mukondo, and Bangwe by iron 
oxides suggest at least some evaporite dissolution was underway at the time of iron 
mineralization. These iron occurrences may have formed in environments similar to modern day 
brine seeps in the Gulf of Mexico and the Red Sea or in the subsurface where fluids are focused 





Copper mineralization postdated iron mineralization in the CACB.  Copper deposits 
occur stratigraphically below or are intercalated with iron-mineralized strata.  The iron 
occurrences and base metal deposits may be genetically related to the same structures.  Thus, 
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XAUDUM PROSPECT GROUND MAGNETIC MAP 
 





APPENDIX B  
XAUDUM PROSPECT CROSS-SECTIONS 
Cross-sections D-D’, E-E’, F-F’ and G-G’ through eastern and northern domain 
magnetite mineralized horizons respectively, showing base lithologies without garnet, grunerite, 
or carbonate zonation.  
 
 
Figure B-1: Simplified bedrock geologic map of the Xaudum area derived from drill, EM, and 
ground magnetic data showing the locations of cross-sections B-B’, C-C’, D-D’, E-E’, F-F’, and 








Figure B-2: Cross-sections D-D’ and E-E’ through the eastern and northern domains 
respectively, showing the distribution of magnetite-rich units.  Location map for sections 







Figure B-3: Cross-sections D-D’ and E-E’ through the eastern and northern domains 
respectively, showing the distribution of garnet, grunerite, and carbonate minerals.  Location 






Figure B-4: Cross-sections F-F’ and G-G’ through southern domain showing the distribution of magnetite-rich units. Note that section 






Figure B-5: Cross-sections F-F’ and G-G’ through southern domain showing the distribution of garnet, grunerite, and carbonate 





APPENDIX C  
XAUDUM DEPOSIT LEAPFROG GEO® MODEL 
  
Figure C-1: Leapfrog Geo® geologic model of Xaudum iron ore prospect study area looking 






Figure C-2: Leapfrog Geo® geologic model of Xaudum iron ore prospect study area looking 
down and to the northwest with EW cut through the study area. 
  
Figure C-3: Leapfrog Geo® geologic model of Xaudum iron ore prospect study area looking 







Figure C-4: Leapfrog Geo® geologic model of Xaudum iron ore prospect study area looking 






Figure C-5: Leapfrog Geo® geologic model of Xaudum iron ore prospect study area looking 






Figure C-6: Leapfrog Geo ® model of Xaudum iron ore prospect study area showing the 
magnetite mineralized horizons looking down and to the NE. 
 
Figure C-7: Leapfrog Geo ® model of Xaudum iron ore prospect study area looking north, 







Figure C-8: Leapfrog Geo® model of Xaudum iron ore prostpect study area looking north, 
showing faults and total iron wt.% assay data. Note increase in total iron towards basement 







APPENDIX D  
PALEOSCARP BELOW THE CHUOS FORMATION 
 
Figure D-1: Photograph (looking North) of a paleoscarp below the Chuos Diamictite in the 
Kaokobelt in northwestern Namibia with nearly 385 m of relief. This paleoscarp cuts out the 
underlying Okakuyu Formation and affects the thickness of the underlying Tungussia Member in 
the west (left). The paleoscarp’s location is controlled by an underlying normal fault. Modified 















APPENDIX E  
GEOCHEMISTRY OF MAGNETITE MINERALIZED UNITS 
Table E-1: Bulk geochemical data from 32 representative 2 m intervals from the magnetite 
mineralized units, acquired from lithium-borate fusion technique XRF analysis. 
 
Hole From to SiO2 Fe Fe2O3 CaO MgO MnO Al2O3 Na2O K2O P2O5 LOI Unit
1821B121E91AT 102 104 53.5 17.4 24.9 2.8 1.7 0.1 10.3 1.2 3.5 0.4 1.5 Magnetic Diamictite
1821B121E91AV 154 156 56.4 15.5 22.2 1.2 1.6 0.1 11.3 2.9 3.2 0.6 0.0 Magnetic Diamictite
1821B121E91AV 170 172 59.8 4.8 6.8 5.3 3.1 0.1 13.8 3.1 2.8 0.2 3.3 Magnetic Diamictite
1821B121E91AY 102 104 55.9 15.7 22.4 1.3 1.6 0.1 11.1 2.6 3.1 0.7 0.4 Magnetic Diamictite
1821B121E91AY 162 164 57.3 15.9 22.8 1.2 1.7 0.1 10.3 2.3 2.9 0.7 0.3 Magnetic Diamictite
1821B122E99AW 174 176 44.3 26.2 37.5 2.5 1.7 0.1 7.5 2.1 1.9 0.6 0.7 Magnetic Diamictite
1821B122E99AW 210 212 54.6 17.3 24.7 1.8 1.7 0.1 10.5 1.7 3.2 0.4 0.5 Magnetic Diamictite
1821B122E99AW 252 254 57.2 16.1 23.1 2.2 1.9 0.1 10.4 0.8 2.8 0.8 0.4 Magnetic Diamictite
L9610_10V1 210 212 55.7 15.1 21.5 1.6 1.5 0.2 10.8 3.2 3.9 0.4 0.6 Magnetic Diamictite
1821B115E67V2 210 211 24.4 48.8 69.7 2.6 0.7 0.5 1.3 0.3 0.1 1.0 0.8 Banded Magnetite
1821B115V67U 210 211 26.8 40.6 58.1 5.5 1.5 1.9 2.3 0.1 0.1 0.7 2.5 Banded Magnetite
1821B121E91AV 120 122 42.3 37.8 54.0 1.2 0.8 0.0 1.8 0.0 0.0 0.4 1.7 Banded Magnetite
1821B121E91AY 70 72 46.4 32.6 46.6 2.2 1.1 0.0 1.4 0.3 0.3 0.8 0.3 Banded Magnetite
1821B122E99AW 152 154 29.6 46.8 66.6 1.7 1.0 0.6 1.0 0.0 0.1 0.8 1.1 Banded Magnetite
1821B122E99AW 226 228 43.8 36.4 52.0 1.4 1.2 0.0 1.1 0.1 0.4 0.7 0.8 Banded Magnetite
1821B53E25BJ 148 150 37.9 34.5 49.4 3.2 2.0 0.5 4.3 0.6 0.9 0.5 0.7 Banded Magnetite
1821B53E25BJ 160 162 39.7 35.2 50.4 1.5 1.1 0.5 3.5 0.5 1.0 0.7 0.2 Banded Magnetite
1821B115E67V2 240 242 53.3 9.0 12.9 2.3 3.9 3.3 10.4 3.0 1.6 0.2 7.0 Magnetic Schist
1821B121E91AY 54 56 38.7 35.3 50.5 1.6 1.5 0.1 5.5 0.5 1.6 0.6 -0.7 Magnetic Schist
1821B121E91AY 86 88 51.5 23.5 33.7 2.8 1.9 0.1 7.1 0.9 1.2 1.0 -0.4 Magnetic Schist
1821B122E99AW 134 136 63.1 5.4 7.7 3.5 2.6 0.4 14.3 3.0 2.7 0.2 1.6 Magnetic Schist
1821B122E99AW 270 272 31.8 45.9 65.6 1.1 1.3 0.1 1.4 0.0 0.0 0.9 -2.2 Magnetic Schist
1821B122E99AZ 222 224 45.9 29.4 42.0 2.3 1.9 0.1 6.3 0.4 0.7 1.2 -1.2 Magnetic Schist
1821B93E87AV 56 58 45.7 30.0 42.9 2.4 0.1 6.9 0.0 0.1 1.3 -1.3 Magnetic Schist
1821B115E67V2 234 236 53.2 11.9 16.9 3.0 3.8 2.9 13.2 0.3 3.2 0.4 1.8 Garnet-Grunerite
1821B121E91AQ 100 102 60.4 5.1 7.3 4.6 3.4 0.1 14.2 2.3 3.1 0.2 3.7 Garnet-Grunerite
1821B121E91AT 124 126 45.8 28.3 40.5 2.0 2.2 0.1 7.3 0.4 1.0 1.1 -1.7 Garnet-Grunerite
1821B121E91AT 152 154 60.2 15.2 21.7 2.1 1.8 0.1 11.2 0.7 1.5 0.6 -0.7 Garnet-Grunerite
1821B123E107AO 136 138 55.0 20.4 29.2 3.2 1.5 0.2 10.2 0.1 0.7 0.4 -1.1 Garnet-Grunerite
1821B125V115AP 182 184 51.5 19.2 27.4 1.8 1.5 0.1 9.6 3.0 3.3 0.4 0.7 Garnet-Grunerite
1821B127W2 144 146 49.4 22.7 32.5 5.3 1.6 0.2 8.6 0.8 1.2 0.5 0.4 Garnet-Grunerite






Figure E-1: Plot of the average major chemical oxide components of Rapitan-type iron deposits 
in the Rapitan Group in Canada, the Jacadigo Group in Brazil, and at the Xaudum prospect.  
Data is reported on a CO2/H2O free basis. The number of samples represented by specific points 
on the graph is given as n. Data is from Klein and Buekes (1993) and Klein and Ladeira (2004). 
 
Figure E-2: Plot of the average major chemical oxide components of Precambrian iron 
formations compared to the iron mineralized horizons at Xaudum. The shaded area enclosed by 
thin dashed lines brackets the overall range of average values (excluding the Neoproterozoic iron 
formations) based on at least 215 reported whole-rock analyses on bulk samples of unaltered and 
unleached iron formations.  Red stars represent average wt.% of Xaudum assay samples from the 
banded magnetite unit (n=8).  Iron speciation data was not acquired at Xaudum.  Data is reported 
on a CO2/H2O free basis.  The number of samples represented by specific points on the graph is 





APPENDIX F  
XAUDUM PROSPECT CARBON AND OXYGEN ISOTOPE DATA 
Table F-1: Carbon isotope data from the Xaudum Study area with depth and interpreted unit. 







C1 1821B53E25BJ 67 Grand Congl. dolomite -2.6 -13.1 
C2 1821B53E25BJ 73.6 Grand Congl. dolomite -2.7 -15.5 
C3 1821B53E25BJ 80 Grand Congl. dolomite 0.9 -14.0 
C4 1821B53E25BJ 86 Grand Congl. dolomite -0.9 -11.5 
C5 1821B53E25BJ 92 Grand Congl. dolomite 1.2 -10.4 
C6 1821B53E25BJ 95 Grand Congl. dolomite 0.3 -12.3 
C7 1821B53E25BJ 101 Grand Congl. dolomite -0.5 -13.3 
C8 1821B53E25BJ 101 Grand Congl. dolomite 0.1 -12.7 
C9 1821B53E25BJ 107 Grand Congl. dolomite -3.7 -14.9 
C10 1821B53E25BJ 107 Grand Congl. dolomite -3.6 -14.6 
C11 1821B53E25BJ 124 Grand Congl. dolomite -5.3 -13.9 
C12 1821B53E25BJ 143 Grand Congl. ankerite -5.5 -15.3 
C13 1821B53E25BJ 145 Grand Congl. ankerite -7.6 -15.1 
C14 1821B53E25BJ 146 Grand Congl. ankerite -6.2 -15.1 
C15 1821B53E25BJ 159 Grand Congl. ankerite -8.4 -13.3 
C16 1821B53E25BJ 160 Grand Congl. ankerite 1.2 -7.9 
C17 1821B53E25BJ 170 Grand Congl. ankerite -9.8 -16.2 
C18 L9600_13 30 Kakontwe calcite 2.9 -4.1 
C19 L9600_14 31 Kakontwe calcite 2.1 -4.4 
C20 L9600_15 32 Kakontwe calcite 2.4 -4.8 
C21 L9600_16 33 Kakontwe calcite 1.4 -6.6 
C22 L9600_17 34 Kakontwe calcite 0.9 -7.5 
C23 L9600_18 35 Kakontwe calcite 0.9 -9.0 
C24 L9600_19 36 Kakontwe calcite 0.8 -9.8 
C25 L9600_20 37 Kakontwe calcite 1.8 -8.0 
C26 L9600_21 38 Kakontwe calcite 0.6 -8.1 
C27 L9600_22 39 Kakontwe calcite 2.3 -5.8 
C28 L9600_23 40 Kakontwe calcite 2.7 -4.2 
C29 L9600_24 41 Kakontwe calcite 3.1 -3.1 
C30 L9600_25 42 Kakontwe calcite 2.8 -4.8 
C31 L9600_26 43 Kakontwe calcite 3.2 -4.9 
C32 L9600_27 44 Kakontwe calcite 2.8 -3.2 
C33 L9600_28 45 Kakontwe calcite 3.2 -3.2 
C34 L9600_29 47 Kakontwe calcite 3.4 -3.7 
C35 L9600_30 48 Kakontwe calcite 3.4 -4.0 





Table F-1 Cont: Carbon isotope data from the Xaudum Study area with depth and interpreted 
unit. 







C37 L9600_32 50 Kakontwe calcite 1.2 -5.6 
C38 L9600_33 51 Kakontwe calcite 1.9 -6.4 
C39 L9600_34 52 Kakontwe calcite 2.9 -5.0 
C40 L9600_35 53 Kakontwe calcite 1.9 -5.7 
C41 L9600_36 54 Kakontwe calcite 1.2 -5.5 
C42 L9600_37 55 Kakontwe calcite 2.3 -4.7 
C43 L9600_38 56 Kakontwe calcite 2.2 -5.0 
C44 L9600_39 57 Kakontwe calcite 2.3 -4.6 
C45 L9600_40 58 Kakontwe calcite 2.6 -4.7 
C46 L9600_41 59 Kakontwe calcite 1.9 -4.0 
C47 L9600_42 60 Kakontwe calcite 3.0 -3.9 
C48 L9600_43 61 Kakontwe calcite 3.7 -3.6 
C49 L9600_44 62 Kakontwe calcite 2.7 -5.0 
C50 L9600_45 63 Kakontwe calcite 4.4 -2.9 
C51 L9600_46 64 Kakontwe calcite 3.4 -3.7 
C52 L9600_47 65 Kakontwe calcite 3.1 -3.9 
C53 L9600_48 66 Kakontwe calcite 2.0 -5.7 
C54 L9600_49 67 Kakontwe calcite 2.4 -5.4 
C55 L9600_50 68 Kakontwe calcite 3.1 -4.4 
C56 L9600_51 69 Kakontwe calcite 1.9 -6.0 
C57 L9600_52 70 Kakontwe calcite 3.7 -4.4 
C58 L9600_53 71 Kakontwe calcite 3.3 -4.1 
C59 L9600_54 72 Kakontwe calcite 3.0 -3.9 
C60 L9600_55 73 Kakontwe calcite 2.9 -3.8 
C61 L9600_56 74 Kakontwe calcite 2.1 -4.3 
C62 L9600_57 75 Kakontwe calcite 2.7 -4.4 
C63 L9600_58 76 Kakontwe calcite 1.9 -4.8 
C64 L9600_59 77 Kakontwe calcite 2.1 -4.8 
C65 L9600_60 78 Kakontwe calcite 2.7 -3.8 
C66 L9600_61 79 Kakontwe calcite 3.7 -2.8 
C67 L9600_62 80 Kakontwe calcite 2.6 -4.4 
C68 L9600_63 81 Kakontwe calcite 2.7 -5.2 
C69 L9600_64 82 Kakontwe calcite 3.3 -3.0 
C70 L9600_65 83 Kakontwe calcite 3.6 -2.7 
C71 L9600_66 84 Kakontwe calcite 3.6 -3.7 
C72 L9600_67 85 Kakontwe calcite 3.5 -4.1 
C73 L9600_68 86 Kakontwe calcite 3.1 -4.1 
C74 L9600_69 87 Kakontwe calcite 3.2 -4.5 





Table F-1 Cont: Carbon isotope data from the Xaudum Study area with depth and interpreted 
unit. 







C76 L9600_71 89 Kakontwe calcite 3.6 -4.2 
C77 L9600_72 90 Kakontwe calcite 2.8 -4.1 
C78 L9600_73 91 Kakontwe calcite 3.2 -4.5 
C79 L9600_74 92 Kakontwe calcite 2.9 -4.6 
C80 L9600_75 93 Kakontwe calcite 3.3 -4.7 
C81 L9600_76 94 Kakontwe calcite 3.3 -4.3 
C82 L9600_77 95 Kakontwe calcite 2.9 -5.2 
C83 L9600_78 96 Kakontwe calcite 3.3 -5.5 
C84 L9600_79 97 Kakontwe calcite 2.4 -5.5 
C85 L9600_80 98 Kakontwe calcite 2.8 -5.4 
C86 L9600_81 99 Kakontwe calcite 2.8 -4.8 
C87 L9600_82 100 Kakontwe calcite 1.9 -6.1 
C88 L9600_83 101 Kakontwe calcite 3.0 -4.8 
C89 L9600_84 102 Kakontwe calcite 1.8 -5.6 
C90 L9600_85 103 Kakontwe calcite 2.6 -6.0 
C91 L9600_86 104 Kakontwe calcite 2.3 -5.8 
C92 L9600_87 105 Kakontwe calcite 2.8 -5.1 
C93 L9600_88 106 Kakontwe calcite 3.1 -4.0 
C94 L9600_89 107 Kakontwe calcite 3.0 -4.8 
C95 L9600_90 108 Kakontwe calcite 2.8 -4.6 
C96 L9600_91 109 Kakontwe calcite 2.3 -6.3 
C97 L9600_92 110 Kakontwe calcite 3.2 -5.2 
C98 L9600_93 111 Kakontwe calcite 2.6 -5.9 
C99 L9600_94 112 Kakontwe calcite 2.5 -7.2 
C100 L9600_95 113 Kakontwe calcite 2.3 -5.5 
C101 L9600_96 114 Kakontwe calcite 3.2 -5.5 
C102 L9600_97 115 Kakontwe calcite 2.8 -4.0 
C103 L9600_98 116 Kakontwe calcite 2.6 -4.8 
C104 L9600_99 117 Kakontwe calcite 2.9 -4.4 
C105 L9600_100 118 Kakontwe calcite 3.5 -4.1 
C106 L9600_101 119 Kakontwe calcite 3.1 -4.8 
C107 L9600_102 120 Kakontwe calcite 2.3 -4.7 
C108 L9600_103 121 Kakontwe calcite 2.1 -4.7 
C109 L9600_104 122 Kakontwe calcite 2.6 -5.0 
C110 L9600_105 123 Kakontwe calcite 3.4 -3.8 
C111 L9600_106 124 Kakontwe calcite 2.9 -4.5 
C112 L9600_107 125 Kakontwe calcite 2.9 -4.3 
C113 L9600_108 126 Kakontwe calcite 3.0 -4.7 





Table F-1 Cont: Carbon isotope data from the Xaudum Study area with depth and interpreted 
unit. 







C115 L9600_110 128 Kakontwe calcite 3.1 -4.9 
C116 L9600_111 129 Kakontwe calcite 3.1 -4.4 
C117 L9600_112 130 Kakontwe calcite 2.9 -4.7 
C118 L9600_113 131 Kakontwe calcite 3.1 -4.5 
C119 L9600_114 132 Kakontwe calcite 2.7 -4.8 
C120 L9600_115 133 Kakontwe calcite 2.3 -4.5 
C121 L9600_116 134 Kakontwe calcite 2.0 -5.1 
C122 L9600_117 135 Kakontwe calcite 2.3 -5.2 
C123 L9600_118 136 Kakontwe calcite 2.5 -5.5 
C124 L9600_119 137 Kakontwe calcite 2.1 -5.2 
C125 L9600_120 138 Kakontwe calcite 3.4 -4.1 
C126 L9600_121 139 Kakontwe calcite 3.0 -5.0 
C127 L9600_122 140 Kakontwe calcite 3.1 -4.6 
C128 L9600_123 141 Kakontwe calcite 3.1 -4.4 
C129 L9600_124 142 Kakontwe calcite 2.6 -5.3 
C130 L9600_125 143 Kakontwe calcite 2.3 -5.3 
C131 L9600_126 144 Kakontwe calcite 2.4 -5.5 
C132 L9600_127 145 Kakontwe calcite 2.6 -4.9 
C133 L9600_128 146 Kakontwe calcite 2.8 -4.8 
C134 L9600_129 147 Kakontwe calcite 2.8 -4.7 
C135 L9600_130 148 Kakontwe calcite 2.5 -5.9 
C136 L9600_131 149 Kakontwe calcite 2.4 -7.3 
C137 L9600_132 150 Kakontwe calcite 2.7 -6.4 
C138 L9600_133 151 Kakontwe calcite 2.8 -6.5 
C139 L9600_134 152 Kakontwe calcite 2.3 -7.5 
C140 L9600_135 153 Kakontwe calcite 1.6 -9.9 
C141 L9600_136 154 Kakontwe calcite 1.9 -10.6 
C142 L9600_137 155 Kakontwe calcite 1.3 -10.7 
C143 L9600_138 156 Kakontwe calcite 2.8 -8.2 
C144 L9600_139 157 Kakontwe calcite 2.7 -6.9 
C145 L9600_140 158 Kakontwe calcite 2.4 -7.7 
C146 L9600_141 159 Kakontwe calcite 2.2 -8.1 
C147 L9600_142 160 Kakontwe calcite 1.0 -10.4 
C148 L9600_143 161 Kakontwe calcite 2.5 -6.9 
C149 L9600_144 162 Kakontwe calcite 2.2 -7.6 
C150 L9600_145 163 Kakontwe calcite 2.3 -7.6 
C151 L9600_146 164 Kakontwe calcite 1.6 -9.7 
C152 L9600_147 165 Kakontwe calcite 1.9 -9.8 





Table F-1 Cont: Carbon isotope data from the Xaudum Study area with depth and interpreted 
unit. 







C154 L9600_149 167 Kakontwe calcite 0.8 -11.8 
C155 L9600_150 168 Kakontwe calcite 0.0 -12.5 
C156 L9600_151 169 Kakontwe calcite -1.5 -12.8 
C157 L9600_152 170 Kakontwe calcite -1.9 -13.3 
C158 L9600_153 174 Kakontwe calcite -5.5 -15.6 
 
 







APPENDIX G  
XAUDUM PROSPECT SULFUR ISOTOPE DATA 
Table G-1: Sulfur isotope data from the Xaudum project area with interpreted unit, sulfide 
species, and host. 















cpy vein 14.4 
S4 1821B115E67R 118.2 Mwashya py vein -7.5 
S5 1821B115V67U 227.1 Grand 
Conglomérat 
py vein -18.9 
S6 1821B112V 110.7 Grand 
Conglomérat 
py matrix 2.0 






APPENDIX H  
XAUDUM PROSPECT QEMSCAN® DATA 
 

































































APPENDIX I  
KIPUSHI EAST LEAPFROG GEO® MODEL  
 
Figure I-1: Leapfrog Geo® model of the Kipushi East copper prospect looking WNW created 
with geophysical, drill, and rotary data.  Pink surface is the top of polylithic breccia surface.  
Breccia surface is offset by a steeply dipping left lateral fault surface.  Yellow shell indicates 









APPENDIX J  
KIPUSHI EAST CROSS SECTIONS 
 
Figure J-1: Geologic map of the Kipushi East copper prospect showing the locations of drill data 
and cross sections A-L, XS09, and XS10.  Note that cross sections A-A’ and B-B’ in Appendix 
G are different than within section 3.4.2. 
 
 
Figure J-2: Cross section G-G’ through the Kipushi East copper prospect looking southeast. 






Figure J-3: Cross section XS-10 through the Kipushi East copper prospect looking southeast. 
Location map for sections displayed in Fig. G-2.1 
 
Figure J-4: Cross section XS-9 through the Kipushi East copper prospect looking southeast. 
Location map for sections displayed in Fig. G-2.1 
 
Figure J-5: Cross section F-F’ through the Kipushi East copper prospect looking southeast. 






Figure J-6: Cross section E-E’ through the Kipushi East copper prospect looking southeast. 
Location map for sections displayed in Fig. G-2.1. 
 
Figure J-7: Cross section D-D’ through the Kipushi East copper prospect looking southeast. 
Location map for sections displayed in Fig. G-2.1. 
 
Figure J-8: Cross section C-C’ through the Kipushi East copper prospect looking southeast. 






Figure J-9: Cross section B-B’ through the Kipushi East copper prospect looking southeast. 
Location map for sections displayed in Fig. G-2.1 
 
Figure J-10: Cross section A-A’ through the Kipushi East copper prospect looking southeast. 






Figure J-11: Cross section L-L’ through the Kipushi East copper prospect looking southeast. 
Location map for sections displayed in Fig. G-2.1 
 
Figure J-12: Three dimensional view created with Leapfrog Geo® of cross sections through the 






APPENDIX K  










Figure K-1: Supplemental petrography of the polylithic breccia, white carbonate (cap rock) unit, 
and evaporitic carbonate unit from the Kipushi East copper prospect.  (A) Contact between the 
white talcous dolostone (cap rock) and the polylithic breccia with clasts of dolomite, talceous 
dolomite, and siltstone.  KED02, 192 m.  (B) Polylithic breccia with clasts of dolostone, 
carbonate, and siltstone in a carbonate, quartz, chlorite, K-feldspar, Mg/K-clay, specular 
hematite matrix.  KED03, 152 m.  (C) Backscatter electron image of evaporitic carbonate unit 
with magnesite, dolomite, phlogopite, talc and trace pyrite assemblage resulting from magnesian 
alteration.  KED09, 133.7 m.  (D)  QEMSCAN® image of the contact between the polylithic 
breccia and the talceous dolostone of the white carbonate unit.  Note silicification of breccia with 
associated very fine grained disseminated specular hematite.  KED03, 150.25.  (E) QEMSCAN® 
image of the polylithic breccia with chlorite and dolomite clasts in K-feldspar-chlorite-talc-
specular hematite matrix.  Note pyrite grain with chalcopyrite rim in the matrix breccia.  KED09, 


























KIPUSHI EAST SULFUR ISOTOPES  
δ34S results (Fig. L-1, Fig. L-2, Table L-1) from pyrite and chalcopyrite at Kipushi east 
show a relatively narrow distribution between -8 and +3 ‰ with some outliers between +6 and 
+13‰. The samples can be subdivided texturally into two groups. Paragenetically early, fine-
grained, disseminated and framboidal pyrite contains δ34S values ranging from -8 to -1‰, 
indicating that sulfur was likely derived from bacterial sulfate reduction (BSR). Later replacive 
pyrite and chalcopyrite δ34S values form a bimodal distribution of isotopically light (-7 to +3‰, 
mode = -3‰) and heavy (+6 to +13‰) phases.  Textural observations combined with results 
indicate that the heavier values at Kipushi east reflect a mixing of BSR sulfur inherited from 
early pyrite with TSR sulfur within the fluids responsible for the subsequent chalcopyrite and  
 





texture (bottom).  Data is reported relative to the Vienna Cañon Diablo Troilite (VCDT). 
 
pyrite mineralization events.  The δ34S results from Kipushi East are similar to copper sulfides in 
many of the classic stratabound Cu-Co deposits of the Congolese Copperbelt and differ 
significantly from the sulfur isotopic values of the nearby Kipushi deposit (+11 to +20‰). 
 
Figure L-2: δ34S isotope data from Kipushi East copper prospect compared to other significant 
CCB base metal deposits.  Note that the Kipushi East prospect and Kipushi deposit show 
markedly different sulfur isotope signatures with some overlap.  Kipushi East shows significant 
overlap with the Kamoto deposit.  Data sources are referenced within the figure.  
Table L-1: Sulfur isotope data from the Kipushi East Copper Deposit with core, depth, 




(m) Unit Rock Sample Description 
Sulfide 
Species 





δ34S           
(‰ VCDT)  
KED 01 100.2 Py Unit 
pale green altered with 
reddish patches, coarse py py coarse nodules of py 0.218 6.8 
KED 01 101.7 Py Unit 
Dolostone cut by breccia 
veins; dolostone contains 
coarser blebs of py-cpy py, cpy 
coarse blebs of cpy in 
dolostone, fine-grained py-
cpy in breccia veins 0.216 -1.9 
KED 02 87.4 Py Unit 
Pinstrip Unit - banded grey 
dolostone with mgt on 
bedding and minor late py cpy 
bedding parallel stringer of 
cpy, appears to crosscut or 
replace mgt 0.230 -7.6 
KED 02 90.8 Py Unit 
Pinstrip Unit - pale white 
dolostone with dark layers 
(dark dolomite and minor 
mgt), late py cpy 
bedding parallel blebs to 
nodules of cpy, apparently 
replacing mgt or dark 





Table L-1 Cont: Sulfur isotope data from the Kipushi East Copper Deposit with core, depth, 




(m) Unit Rock Sample Description 
Sulfide 
Species 





δ34S    
(‰ VCDT)  
KED 02 90.8 Py Unit 
Pinstrip Unit - pale white 
dolostone with dark layers 
(dark dolomite and minor 
mgt), late py cpy 
bedding parallel blebs to 
nodules of cpy, apparently 
replacing mgt or dark 
dolostone 0.204 -2.1 
KED 03 109 Evap Carb 
White dolostone, intense 
silicification.  py on 
stylolites py 
fine to medium grained 
disseminated to blebby py 0.222 -1.1 
KED 03 115.6 Py Unit 
dolosiltstone replaced by py 
down to stromatolitic 
dolostone (partially 
silicified) with clots of cpy cpy 
large clotty cpy intergrown 
with dolomite veins? 0.232 -2.9 
KED 03 121 Py Unit 
Dolosiltstone with fine-
grained replacive py and 
coarse later cpy cpy, py 
coarse blebs and bedding 
parallel stringers of cpy 0.214 -2.7 
KED 03 121 Py Unit 
Dolosiltstone with fine-
grained replacive py and 
coarse later cpy py, cpy 
very fine-grained py parallel 
to bedding 0.240 -3.6 
KED 03 122 Py Unit 
recrystallized dolostone 
replaced by cpy and py, cut 
by coarse white dolomite 
veins cpy, py 
coarse 'matrix-like' cpy.  
Surround py grains and 
dolomite grains 0.210 -1.5 
KED 03 122 Py Unit 
recrystallized dolostone 
replaced by cpy and py, cut 
by coarse white dolomite 
veins cpy, py 
coarse 'matrix-like' cpy.  
Surround py grains and 
dolomite grains 0.204 -1.4 
KED 03 122 Py Unit 
recrystallized dolostone 
replaced by cpy and py, cut 
by coarse white dolomite 
veins py, cpy 
coarse to fine py grains, 
commonly surrounded and 
replaced by matrix cpy 0.222 1.4 
KED 03 124.9 Py Unit 
white dolostone, 
recrystallized white 
dolostone with dark mgt 
defining bedding.  Replaced 
by coarse-grained py and 
cpy cpy 
coarse clots of cpy 
apparently replacing mgt 0.220 -1.7 
KED 03 126.2 Py Unit 
contact between coarse 
dolomite (with mgt?) and 
massive py, crosscut by cpy 
vein cpy, py 
vein with massive chalocpy 
cross cutting mgt dolostone 0.238 -3.3 
KED 03 126.2 Py Unit 
contact between coarse 
dolomite (with mgt?) and 
massive py, crosscut by cpy 
vein py, cpy 
massive fine-grained py, 
bedded 0.222 -4.2 
KED 03 131 Py Unit 
very pale greenish altered? 
With coarse py grains py 
coarse pyritic nodules, 
subhedral to euhedral 
massive grains 0.216 2.5 
KED 03 131 Py Unit 
very pale greenish altered? 
With coarse py grains py 
coarse pyritic nodules, 
subhedral to euhedral 
massive grains 0.224 2.5 
KED 03 138.8 
White 
Carb 
band of replacive py and 





Table L-1 Cont: Sulfur isotope data from the Kipushi East Copper Deposit with core, depth, 





(m) Unit Rock Sample Description 
Sulfide 
Species 





δ34S    
(‰ VCDT)  
KED 03 180 
Polylith 
Bx polylithic breccia cpy 
large clot of cpy, appears to 
be within a clast 0.214 -3.6 
KED 09 80 
Upper 
Sequence 
Evaporitic dolostone with 
stylolites sparating domains 
with differing amounts of 
evaporite casts.  Minor 
replacive py py 
large nodules/clots of very 
fine-grained py 0.204 -8.7 




dolostone with coarse 
dolomite crystals and 
disseminated and layered 
py.  May include a soluble 
mineral - gypsum? py 
layer-parallel stringer of 
very fine-grained py 
associated with white 
carbonate crystal 0.230 -7.0 
KED 09 124.4 
Upper 
Sequence 
Coarse dolomite with 
patches of coarse py - minor 
cpy? py 
medium to coarse clots of 
py 0.226 -0.4 
KED 09 124.4 
Upper 
Sequence 
Coarse dolomite with 
patches of coarse py - minor 
cpy? py 
medium to coarse clots of 
py 0.224 -0.4 
KED 09 179.3 Evap Carb 
originally algal? With lenes 
of py py stinger-like band of py 0.240 2.4 
KED 09 197.6 Py Unit 
dolostone with dark 
siltstone layer with some py 
replacement py 
layer-parallel elongate and 
flat nodules of py 0.240 -3.3 
KED 09 200.2 Py Unit 
dolostone with dark silt 
beds.  Pyrie replacing silty 
beds.  Some nodules 
replaced by dolomite and 
py py 
massive py bed in darker 
dolomite 0.208 6.3 
KED 09 202.6 Py Unit 
dolosiltstone with abundant 
replacive py beds of 
dolostone with hematite 
stained patches py 
small nodules of py, appear 
to be a different generation 
from bedded massive py 0.204 7.9 
KED 09 202.6 Py Unit 
dolosiltstone with abundant 
replacive py beds of 
dolostone with hematite 
stained patches py 
bed of massive very fine-
grained py 0.228 -1.9 
KED 09 202.6 Py Unit 
dolosiltstone with abundant 
replacive py beds of 
dolostone with hematite 
stained patches py 
bed of massive very fine-
grained py 0.208 -1.8 
KED 09 202.9 Py Unit 
dolosiltstone with py 
replacing nodules - early 
fine-grained, later coarser 
grained, rock has dark 
mineral grains, chlorite? py large nodule of coarser py 0.206 10.6 
KED 09 202.9 Py Unit 
dolosiltstone with py 
replacing nodules - early 
fine-grained, later coarser 
grained, rock has dark 
mineral grains, chlorite? py 
bedding-parallel (?) band of 
very fine-grained py (top of 
sample)  0.230 9.7 
KED 09 204.4 Py Unit 
banded silty dolostone with 
band parallel and ovoid py 
replacements - primarily 
along silt beds py 
large elongate-ovoid nodule 





Table L-1 Cont: Sulfur isotope data from the Kipushi East Copper Deposit with core, depth, 





(m) Unit Rock Sample Description 
Sulfide 
Species 





δ34S    
(‰ VCDT)  
KED 09 208.8 Py Unit 
dolostone beds with some 
with abundant replacive py.  
Steeply dipping Pinstripe 
Unit py 
fine- to medium-grained 
blebs of py apprently 
parallel to bedding 0.224 -5.8 
KED 09 211.4 Py Unit 
massive py - coarse py 
replacing fine-grained py 
(and magnetite?) py 
coarser-grained py with 
dolomite 0.212 -3.2 
KED 09 211.4 Py Unit 
massive py - coarse py 
replacing fine-grained py 
(and magnetite?) py 
coarser-grained py with 
dolomite 0.226 -3.3 
KED 09 213.1 Py Unit 
massive py with some 
patches dolo-mgt remaining py fine-grained massive py 0.204 -3.5 
KED 09 214.7 Py Unit 
massive mgt cut by 
dolomite veins with pyritic 
selvages py 
massive py replacing mgt in 
selvage to dolomite vein 0.224 -3.9 
KED 09 215.3 
White 
Carb 
with coarse dolomite 
crystals and coarse py py 
coarse py intergrown with 




with coarse dolomite 
crystals cut by a dolomite-
py vein py 
large bleb of py in dolomite 
vein 0.214 0.8 
KED 09 227 
White 
Carb 
pale banded dolostone with 
elongated white dolomite 
bands - ex-stromatolite with 
cpy cpy 
coarse blebs of cpy parallel 
to bedding, some bornite 
blebs 0.236 -5.7 
KED 09 228 
White 
Carb 
weakly banded dolostone 
with pinkish (hematitic?) 
veins and disseminated cpy cpy coarse blebs of cpy 0.230 -2.8 
KED 09 251.2 
polylithic 
breccia 
large clast of carbonate in 
the polylithic breccia.  Clast 
consists on recrystallized 
dolomite and greenish 
siltstone.  Very stylolitic.  
Minor replacive py py 
large irregular patches of 
replacive py (afer 
dolomite?) 0.232 -2.5 
KED 09 251.2 
polylithic 
breccia 
large clast of carbonate in 
the polylithic breccia.  Clast 
consists on recrystallized 
dolomite and greenish 
siltstone.  Very stylolitic.  
Minor replacive py py 
large irregular patches of 
replacive py (afer 
dolomite?) 0.220 -2.6 
KED 13 277 Py Unit 
banded dolostone, mgt, 
nodule of dolomite with py.  
Some beds replaced by py. 
Both mgt and py 
discontinuous along 
bedding py 
large dolomite nodule with 
clotty py throughout 0.206 2.5 
KED 13 292.5 
White 
Carb 
recrystallized with coarse 
clotty py cpy large clots of cpy 0.220 3.4 
KED 20 147.5 Py Unit 
fine-grained dolosiltstone 
with pale dolostone beds.  
Fine-grained replacive mgt 
and later coarse py in 
dolomite bands py 
elongate clot of py in white 
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Sulfide 
Species 





δ34S    
(‰ VCDT)  
KED 20 152.5 Py Unit 
massive mgt cut by py-
dolomite veins py 
large clotty py replacing 
mgt 0.240 9.8 
KH 1 259.9 
polylithic 
breccia 
kipushi breccia with cpy for 


























APPENDIX M  
KANSANSHI IRON OCCURRENCE ASSAY DATA 
Table M-1: Bulk geochemical data from the banded magnetite bearing horizon in the lower 




















Drill Core From To Fe_pct Ca_pct Mg_pct Mn_ppm Al_pct Na_pct K_pct P_ppm S_pct
KRX055 814.10 815.60 25.1 4.05 2 995 1.74 0.06 0.76 >10000 0.45
KRX055 815.60 816.85 25.8 4.28 2.21 1080 2.34 0.38 1.06 9470 1.01
KRX055 819.00 820.20 23.7 4.24 2.07 632 1.58 0.33 0.97 >10000 0.79
KRX055 820.20 821.40 20.3 4.31 2.42 666 3.47 0.75 1.77 8830 0.81
KRX066 569.80 571.40 20.2 3.88 2.48 1120 2.73 0.32 1.29 8880 1.25
KRX066 573.80 576.00 24.9 3.85 1.94 563 1.46 0.44 0.58 >10000 0.79
KRX066 576.00 577.10 17.25 4.17 2.75 799 3.24 0.91 1.67 7970 0.58
KRX077 656.10 656.90 23.8 4.63 2.45 860 1.94 0.07 0.81 >10000 0.39
KRX077 656.90 657.90 20.9 5.09 2.3 1040 2.61 0.51 1.32 >10000 1.6





APPENDIX N  
LIST OF IRON OCCURRENCES IN THE CACB 
Table N-1: List of purported iron occurrences in the CACB compiled during this study.   
 
Location Name Province Source
Bangwe CCB this study
Chitamba CCB Unpub. Geologic Map Francois 
Ditakata CCB Unpub. Geologic Map Francois 
Haute CCB Unpub. Geologic Map Francois 
Kabolela CCB this study
Kabwimia CCB Unpub. Geologic Map Francois 
Kakontolwa CCB Unpub. Geologic Map Francois 
Kakula CCB Unpub. Geologic Map Francois 
Kalukundi CCB Unpub. Geologic Map Francois 
Kamakanga CCB Unpub. Geologic Map Francois 
Kamfunda CCB Unpub. Geologic Map Francois 
Kamoa CCB Schmandt et al., 2013
Kamoya CCB Cailteux et al., 2010
Kanunka CCB Unpub. Geologic Map Francois 
Kapolowe CCB Unpub. Geologic Map Francois 
Karungwe CCB Unpub. Geologic Map Francois 
Kasanfu CCB Unpub. Geologic Map Francois 
Kasanga CCB Cailteux et al., 2008
Katinda CCB Cailteux et al., 2007
Katokamema CCB Unpub. Geologic Map Francois 
Katonta CCB Unpub. Geologic Map Francois 
Katumbwana CCB Unpub. Geologic Map Francois 
Kavura CCB Unpub. Geologic Map Francois 
Kayunda CCB Unpub. Geologic Map Francois 
Kiambashi CCB Unpub. Geologic Map Francois 
Kilmba CCB Unpub. Geologic Map Francois 
Kinkombe CCB Unpub. Geologic Map Francois 
Kipushi East CCB this study
Kirumba CCB Unpub. Geologic Map Francois 
Kisenga CCB Unpub. Geologic Map Francois 
Kisua CCB Unpub. Geologic Map Francois 
Kiwanda CCB Unpub. Geologic Map Francois 
Luamabwe CCB Unpub. Geologic Map Francois 
Lufunfu N. CCB Unpub. Geologic Map Francois 
Lufunfu Sud CCB Unpub. Geologic Map Francois 
Luiswishi CCB Cailteux et al., 2011
Makundo CCB this study
Matembwe CCB Unpub. Geologic Map Francois 
Matunda CCB Unpub. Geologic Map Francois 
Milebi CCB Unpub. Geologic Map Francois 
Milulu CCB Unpub. Geologic Map Francois 
Monwezi CCB Unpub. Geologic Map Francois 
Mulenga CCB this study
Musaka CCB Unpub. Geologic Map Francois 
Pumpi CCB Unpub. Geologic Map Francois 
Shikoli CCB Unpub. Geologic Map Francois 
Shituru CCB Cailteux et al., 2009
Shiwanda CCB Unpub. Geologic Map Francois 
Tilwezembe CCB Unpub. Geologic Map Francois 
Chafaguma Hill NWP this study
Kansanshi NWP this study
Kapundungoma NWP Barron, 2003
Kifubwa NWP Barron, 2003
Kimale Hill NWP Barron, 2003
Munyoshi NWP Barron, 2003
Fishtie ZCB Henrickson et al., 2013
Kasumbulesa ZCB Stohl, 1969
Konkola ZCB this study
Xaudum Bots this studty
